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INTRODUCTION 
The objective of this research was to perform a systematic study of the Cascade 
Finishing™ process with respect to its ability to improve surface finish. The Cascade Process 
(CP) is currently only being used to clean and deburr castings and machined parts and, as 
with most "mass" finishing processes, the process produces consistent results but is not well 
understood at the fundamental level. Despite the fact that several major manufacturing firms, 
e.g. John Deere, Eaton and GM, are currently using the Cascade Process there has not as yet 
been any published work on the subject of the process except for a single trade journal article. 
No objective data has been gathered on the process effects and a fundamental study of how 
CP actually works has never been completed. In addition, the selection of the process 
operating parameters is currently based upon operator experience and/or very limited 
empirical data. Likewise, the fixtures are designed by trial and error. While these fixtures 
are inexpensive the time and effort required to develop them limits the flexibility of the 
process. In order to provide a more thorough understanding of the CP this research focused 
on the following areas: 
1. Determining the surface textures produced by the process. This included not 
only taking standard roughness measurements such R, and R^, but profile 
tracings, material ratio curves and micro-photographs of the surfaces 
produced. This characterization of the surface finish was performed to 
ascertain the effects of CP on surfaces and to provide a means of comparing 
the surfaces with those produced by other "mass" finishing methods and 
manufacturing processes, e.g. shot peening. 
2. Determining the significance and effects of three key machine operating 
parameters; run time, vibratory firequency and fixture clearances. This 
included building empirical models to aid the proper selection of process 
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parameters and determining the repeatability of CP with respect to surface 
finishing. 
3. Determining the effects of media type, size and geometry on the surface finish 
produced. Four different media were investigated; an abrasive triangle, steel 
pins and two sizes of steel balls. The steel media which were studied are 
frequently used in CP standard deburring operations and their inclusion in the 
study was to help determine what surface finish changes occur when the 
process is used for deburring. 
4. Determining the effects of surface orientation vis a vis the flow of the media, 
direction of vibrations, and the fixture walls. This was studied to aid in the 
design of fixtures and to see if selected surfaces could be shielded from the 
surface finishing action of CP. 
5. Determining the effects of the initial surface finish with respect to run time, 
vibratory frequency and post CP surface finish. 
6. Providing a cursory study of the effects of CP on the micro-hardness, stock 
losses and the imparted compressive residual stresses of the surfaces. This 
was done to aid users of the CP in the understanding of any possible changes 
in the surface integrity of parts that occur during processing. 
7. Collecting other pertinent process information such as peak accelerations and 
media flow rates and developing an understanding on how the process actually 
works. 
It is hoped that this research not only provides important information to engineers 
employing or considering employing the CP to deburr or improve surface finishes, but also 
provides insights into the process that will allow for the improvement of the machines and 
their operations. 
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The following dissertation is divided into five sections. After an overview of CP and 
related finishing processes, the experimental set ups and procedures are briefly explained 
with a short listing of the different experiments provided as a quick reference. The pertinent 
results of these experiments are then presented in part three, with much of the data and 
analysis placed in the Appendix. The next section discusses the experimental results and 
presents conclusions and a general explanation of the process. The need for future research 
and a summary make up the final section. Appendices, containing statistical analyses, fixture 
and specimen drawings, graphs, experimental designs, etc., and a list of references are also 
included. 
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I AN OVERVIEW OF THE CASCADE PROCESS AND RELATED 
FINISHING TECHNIQUES 
The Cascade Finishing Process 
Introduction 
The Cascade Finishing™ process (CP) is a proprietary finishing process developed by 
Iowa Engineered Processes Corp. (lEPC) of Independence, Iowa. The process uses a 
combination of burnishing, shearing and peening actions to deburr, clean internal and 
external surfaces, produce controlled edge radii and burnish a wide variety of metal parts. 
When abrasive media is used, a grinding action removes material and produces smooth, 
matte surfaces. 
The parts to be processed, ranging from .5 to 250+ kg (1.1 to 550 lbs), are set in a 
fixture that resides in the work chamber. A flow of media (usually case hardened steel) and a 
liquid cleaning compound flows over the fixtured part(s) while the fixture vibrates with a 
frequency between 2300 to 2900 cycles per minute and an amplitude between 4.75mm to 
6.35 mm (3/16 in to 1/4 in). These oscillations, induced by eccentric weights, produce a high 
energy burnishing and peening action, with generated peak accelerations reaching higher than 
40 g's. The process is mainly being used to clean and deburr castings and machined parts. 
Process parameters 
There are many factors and interactions that determine process results. A list of the 
important process parameters can be grouped into 4 general categories; the part to be 
processed, the machine operating conditions, the media used and the liquid constituent. A 
partial listing is presented below. 
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1. Part to be processed 
material 
hardness 
strength 
cleanliness 
size 
mass 
geometry 
surface finish 
features (threads etc.) 
2. Machine operating conditions 
orientation of part in the fixture/fixture design 
media/compound flow rate 
ratio of volume of media to part 
amplitude of oscillations 
frequency of oscillations 
processing time 
temperature 
3. Media 
hardness 
material (abrasive or steel, etc.) 
geometry 
size 
density 
wear rate 
4. Cleaning compound constituents 
viscosity 
lubricating properties 
chemical properties (bleaching, etc.) 
The selection of the process operating parameters listed above is based upon operator 
experience and/or limited empirical data. More detailed explanations of several key aspects 
of the process are outlined below. 
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Fixture design 
The fixtures are welded steel containers usually lined with polyurethane to prevent 
wear. They are individually designed for each type of part and are often made to allow 
multiple parts to be processed at the same time. Egress holes, placed in the bottom of the 
fixtures, allow the media to flow around the part. The design of fixtures is currently based on 
the experience of lEPC personnel. The placement and number of egress holes are determined 
by trial and error, i.e. many holes are placed in the bottom of the fixture and are plugged 
with bolts based upon the results of trial runs. The clearance between the walls of the fixture 
and the part(s) being processed is again determined by experience and is usually between 
25.4 mm and 12.5 mm, (see Appendix A for a drawing of a fixture used in the experiments). 
The orientation of the part in the fixture is also based on experience. While these fixtures are 
relatively inexpensive to build, the time and effort expended in trial and error fixture design 
limits the flexibility of the process. 
Media selection 
As with most vibratory finishing processes there are literally hundreds of different 
media types to choose firom. They vary in size, material and geometry. Once again, the 
choice of media is left to experienced personnel. The size and shape of the media is chosen 
so that the likelihood of the media becoming lodged in the parts is minimized. The radii of 
fillets and other part features also dictate the size and geometry of the media used. These two 
are the overriding factors in media selection. 
The media can be abrasive, such as alxmiinum oxide or ceramic, case hardened steel 
or even plastic. Abrasive media actually removes substantial amounts of material while the 
steel media does not. The grit size and abrasive type are major factors that partially 
determine the material removal rate and the surface finish attained with abrasive media. Due 
to the difficulty in changing firom one type of media to another, several standard media types 
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are utilized. Steel pins, balls and cones are the most popular. The use of case hardened steel 
is preferred because the media does not wear and can be used almost indefinitely. It is also 
preferred because it is preformed to a known size and shape and will not wear or break down 
and possibly become lodged in the part, unlike randomly shaped abrasive media. Suppliers 
of mass finishing media, such as Abbot Ball Co., are increasing the variety of available media 
and are sometimes a source of media selection information. 
Vibration and amplitude control 
The firequency of vibration is controlled, either directly or indirectly, by the RPM of 
the drive system for the eccentric weights. Currently the process runs within the range of 
2300 and 2900 vibrations per minute. This range of operation is not only limited by the drive 
system design, but the stability of the cascade machines themselves. The vibratory stability 
of the machines is different for each type of machine and may even vary over the same 
machine ts^pe due to fixture design and other "noise" factors. 
The amplitude of the vibrations is determined indirectly by the weight of the parts, 
fixture, media and the throw weights of the drive system. The normal operating amplitudes 
range from 4.75 to 6.35 mm. Both the fi'equency and amplitude of vibrations are coupled 
with the accelerations produced by the process. The drive systems have been able to produce 
peak accelerations as large as 40+g. The actual accelerations are presently not controlled or 
even measured diuing normal operation of the process. 
Flow rate control 
The flow rate of the media into and out of the fixture is not measured quantitatively. 
Once the media covers the part, the flow into the fixture is maintained at a rate that assures 
the part remains covered. This means that the actual flow rate around and through the part is 
unknown since media can flow over the top and out of the fixture. The size, number and 
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placement of the egress holes on the bottom of the fixtures determine the rate of flow around 
and through the part This is not controlled quantitatively, but, once again, by prior 
experience and trial and error. 
The flow rate of the liquid cleaning compound is not well controlled either. The flow 
of the liquid is set subjectively and remains the same while the media is flowing over the 
part. After the media flow is halted, the fixture is flooded with liquid to remove any debris 
and remaining media. After considering the importance of the liquid flow rate, a flow meter 
is currently being added to ftiture machines. 
Related Mass Finishing Processes 
Introduction 
There are several other mass finishing processes which are widely accepted by 
industry. While they often perform the same tasks as CP, they are significantly different 
from CP as well as each other. Three of the most popular mass finishing processes are 
detailed below. 
Barrel finishing 
In barrel finishing (BF) parts to be finished are placed in a barrel along with media 
and cleaning compounds. The barrel is then rotated and the relative sliding of the media 
against the parts provides the finishing action. BF is usually limited to smaller parts and 
because work is only being done for a short amount of time during the barrel's revolution, it 
is a very slow process. (Run times are usually given in hours.) The media and parts are then 
removed firom the barrel and separated. 
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Centrifugal barrel finishing 
A variant of BF is Centrifogal Barrel Finishing (CBF). In CBF, the barrels are loaded 
as in BF but they are themselves located in a rotating drum. As the drum rotates in one 
direction the barrels rotate in the opposite direction, producing centripetal forces which 
greatly increases the efficiency of the finishing action. In CBF the action is said to be 
primarily a rubbing action, with no peening. 
Vibratorv finishing 
In this case, media, parts and cleaning compound are loaded into an open tub or bowl. 
The vessel is then vibrated allowing the media and the parts to move thereby producing a 
rubbing and impingmg of the media against the parts. The parts are separated firom the media 
by a sieve, usually at the end of the tub. While the vibratory finishing (VF) process is able to 
accommodate very large parts, and is substantially faster than BF, it is still inefficient and 
time consuming. 
There are many other commercially available mass finishing systems, most of which 
are variants on those listed above. A review may be found in the paper by Tulinski' and 
SME's TMEH Chapter 16.^ 
Comparison of CP with other mass finishing techniques 
While CP is similar to the processes listed above and the other mass finishing 
processes, it is significantly different in several aspects. First and foremost, in CP the part or 
parts are fixtured in place and do not move along with the media. This allows for the internal 
surfaces and recesses to be finished along with the external surfaces. This is not possible 
with most other processes. In addition, since the parts are stationary relative to one another, 
they cannot impinge on each other, this not being the case for the three techniques mentioned 
previously. Because the parts are fixtured it is possible to selectively mask off particular 
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areas from the finishing action. However, it may mean that a part must be rotated to assure 
that all areas are exposed to the process. 
Another unique aspect of CP is the use of egress holes to allow the media to flow 
around and through the parts. Not only does this expose internal passage-ways to the 
process, but it also removes debris such as swarf, burrs, etc., and keeps a continuous flow of 
liquid cleaning constituents flowing over the part. These egress holes also greatly affect the 
action of the media within the fixture. 
The high accelerations generated by CP are also a unique feature of the process. The 
process is much faster than most of the competing processes, due, in part, to the high levels 
of energy imparted. The ability of CP to generate these high peak accelerations, (40+) g, 
allows large parts to be processed with steel media. 
Previous Research on Other "Mass" Finishing Processes 
Introduction 
As mentioned previously, there has not as yet been any published work on the subject 
of the Cascade Process. However, there have been several studies performed on similar or 
related processes. Several of these are engineering research reports, while most others are 
short articles published in trade journals. The following section details some of this research 
and seeks to relate it to the process under consideration. 
Scientific studies on mass finishing 
3 4 Matsunaga and Hagiuda detailed barrel and vibratory finishing as well as CBF. The 
initial report was a thorough study of both BF and VP. It detailed the effects of the various 
compounds used, the roughness and hardness of BF surfaces and the grinding action of BF. 
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An explanation of the circulation of the media and parts in VF and an attempt to relate VF 
process parameters to the metal removal rate was also presented. 
Several important facts are included in the report. First, BF is able to attain smooth 
surfaces after four to five hours of processing. Also, the hardness of the surfaces increases 
more than 50% after three to four hours of run time. At a depth of d^im below the surface of 
a brass workpiece, the hardness increases from 70 Hv to 125 Hv in four hours . This led 
Matsimaga^ to state, "It can be said that the rotating barrel finishing is severe working, 
although it is seemingly a gentle one" (p. 18). 
With respect to VF, it was found that the sliding velocity of the media over the part 
was not an important factor in metal removal rates. Several factors other than the mean 
dynamic forces of the media impinging against the workpiece were found to affect the 
finishing action. Higher amplitudes and larger sized media were associated with greater 
metal removal rates. An increase in the frequency of vibrations also caused an increase in 
metal removal rates. An attempt to relate the mean dynamic forces and removal rates was 
made and it was determined that the forces were not proportional to the rate of metal 
removal. It should be noted that this experiment used a strain gage and attempted to find the 
mean impact force over an eight second time interval. This may not have been an accurate 
reflection of the actual forces of the media impacting on the workpiece. Also, these readings 
were taken in the absence of any liquid compound in the vibratory tub. Since the boundary 
lubricating properties of the liquids are very important to the finishing action, this attempt to 
relate the forces with metal removal rates is most likely quite unrepresentative of the actual 
conditions. 
4 Matsunaga performed another series of experiments on CBF. He was able to 
optimize "polishing efficiency" with respect to the radii and RPM of the drum and barrels. 
Other findings indicated that CBF is up to 50 times more efiicient than BF due to the high 
centrifiigal forces and a greater "sliding zone" of contact between the media and workpiece. 
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Processing times were found to be as fast as 30 minutes, compared to up to 20 hours for BF. 
Unlike BF and VF, CBF allows the use of spherical media to remove metal due to the higher 
forces that are generated. This use of spherical media produces a smoother surface finish 
than that obtained by using the prismatic media usually used in BF and VF. 
It is interesting to note that Matsunaga^ also made an attempt to model the metal 
removal rate using a scratching model of the interaction between the media shape and the 
surface of the workpiece, and the forces applied to the workpiece by the media. This model 
resulted in the conclusion that the action of the media on the workpiece was similar to that 
which takes place in lapping. It is in this area that more work needs to done. 
Several additional reports by Soviet authors generally confirm these findings and also 
provide additional experimental results. Lur'e and Sinotin' caution that excessive forces in 
CBF can reduce polishing effectiveness and that, "The metal removal is the greater (sic) the 
lower the mechanical properties of the treated material." They also report that the 
relationship between the surface roughness obtained and the rotational speed of the system is 
quadratic. Other reports, (Bagmet et al.,^ Shaini et al.,^ and Babichev and Dyachenco') are 
very similar in content. The only difference to be noted is a statement by Shaini et al.^ which 
contradicts all other sources by stating, "An increase in grain (media) size leads to an increase 
in the dampening properties of the abrasive media and, as a result, to extend processing time" 
(p. 67). Presumably this is an error in translation. 
L. K. Gillespie'''"*" has written or edited several books on deburring technologies. 
These books provide information concerning a wealth of empirical studies on BF, VF and 
CBF. Some of the results presented in these works confirm much of what is written in trade 
journals and hand books. With respect to VF, Gillespie makes the statement that probably 
covers most mass finishing processes, "Vibratory deburring is still often considered an art 
rather than a science." This is unfortunately true, owing to the large number of variables 
involved in the process. One of the studies cited, Robbins,'^ provides the results of 
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experiments carried out by the Bendix Corp.. It was found that for VF, larger media produce 
larger edge radii and also that softer materials were worked much faster than harder 
materials. It required 15 hours to produce a 125 edge radius on 303 steel and 1.5 hours 
for 6061 Al. A similar relationship was found between the surface finish produced and the 
workpiece hardness. The improvement in surface finish was found to be directly dependent 
on the initial surface roughness and the hardness of the material. A 303 steel specimen with 
an initial value of 1.25|am was smoothed to .63 |am in 4 hours, while a 6061 Al with an 
initial of .6 ^m was roughened to .9 |im in the same 4 hours. 
With respect to CBF, it was reported by Gillespie that using the right combination of 
media and rotational fi-equency, surface finishes as smooth as .08|im could be obtained in a 
few cases. CBF was also found to produce large residual stresses in processed parts. An 
SAE 52100 steel gage block was foimd to have compressive stresses as large as -1386 MPa. 
However, the length of processing time required to generate these stresses was not 
mentioned. 
A separate paper by Gillespie et al." reported the results of an extensive experiment 
on CBF which utilized 5,800 parts. The study concluded that stock losses were linearly 
related to running time, while edge radii production and surface finish reductions were 
exponential functions of time. Deburring was found to be an exponential function of the 
initial burr thickness and time. An approximate 40% reduction in surface roughness (Ra 
1.016 to .610 jim) in 60 minutes was observed. Also, stock losses were found to be very 
repeatable and the "aggressiveness" of CBF was roughly proportional to the size of the media 
used and the magnitude of the forces generated. Workpiece material and size were also 
determined to be important factors. It should be noted that the test specimens used by 
Gillespie were very small (12.7 to 25 mm) which makes extrapolation of the results to larger 
workpieces a difficult matter. 
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In a section in Deburring Technology for Improved Manufacturing on the use of steel 
media in vibratory deburring, Gillespie" states that steel media deburrs by peening or 
poimding sharp edges to a tolerable condition and that steel media cannot do heavy deburring 
and will never cut off a burr. This statement does not apply to CP as the high forces 
generated allow steel media to completely remove burrs via a shearing action. In fact, it is 
the relationship of the height and thickness of a burr and the size of the media which 
determine whether the burr is peened down or sheared off. 
Additional works on mass finishing 
Almost all other papers on the subject of mass finishing have been published in trade 
journals or guide books. 1.2,14 - 20 These treat the subject of mass finishing in a general 
fashion with little insight regarding the actual finishing action. However, they do provide 
data concerning the capabilities and limitations of high energy mass fmishing. Tulinski' 
reports that the combination of rubbing and tapping in VF limit its ability to achieve superior 
surface finishes. He also states that CBF produces a pure "rubbing" action of media against 
the parts. Whether this is something that has actually been confirmed or is merely conjecture 
is unknown. Several papers by Kittredge'"**''''® describe industry trends, the wide range of and 
number of processing parameters and why it is difficult to study and model mass finishing 
processes. 
A report by Zaki'" makes several statements regarding the mechanisms of VF and 
CBF. The burnishing action is considered to be due to the compression of the surface. The 
layers of media apply a load on the surface at the points of contact between the media and the 
surface and smoothing is caused by compressing the hills and valleys as the media moves. 
The ductility of the workpiece and the size and shape of the media are key factors in this 
process. Meanwhile, deburring and radiusing with abrasive media is accomplished by a 
cutting and grinding action. Maximum deburring and stock removal are achieved by using 
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large flat media that provide a large area of contact. Point contact media, such as balls, are 
considered to be best for burnishing. 
Zaki^° states that when using steel burnishing media surfaces with roughness values in 
the range of .75 to 1.25 |im could not be reduced to a smooth surface. He attributes this to 
the work hardening due to the plastic deformation of the surface layers. After an initial 
amount of burnishing, the material becomes hardened so much that the pressures generated 
by the media can no longer reduce the surface roughness. This implies that initial surface 
roughness is a key variable in the amount of burnishing that may be expected. In order to 
smooth rough surfaces to a fine finish, Zaki^° suggests cutting down the surface with abrasive 
media first before using steel media to smooth the surface to a fine finish. Highly reflective 
burnished surfaces as smooth as .07 ^im have been obtained via CBF using this multiple step 
process. This worker does not include any hard data and cites no references. Hence, the 
statements regarding work hardening, and layers of media applying compressive forces must 
be taken as unsubstantiated. 
Research on Related Processes 
Introduction 
Although CP is similar to the processes discussed above, it is quite different in several 
important aspects as outlined in the previous section. In light of this fact, it is important to 
briefly review some of the research carried out on processes that may be related to the 
action(s) involved in CP. These include burnishing, peening and grinding. 
Burnishing 
Burnishing, both ball and roller, is a common surface finishing technique that 
smoothes a surface by cold working. The surface of the workpiece is subjected to high 
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specific pressures and the peaks undergo localized plastic flow down into the valleys while 
the valleys are subsequently pushed up. Reviews of the process can be found in SME 
TMEtf' and Murthy and Kotiveerachari.^ This working of the peaks and valleys hardens 
the siuface to a depth of approximately .76mm with the maximum hardness occurring just 
below the surface SME TMEH.^' The granular dislocation and deformation cause a marked 
decrease in grain size during the strain hardening. 
Roller burnishing allows surfaces to be smoothed from 3-2|am to .05-.38(am, 
depending on the work material and process parameters SME TMEH.^' High tolerances are 
able to be held, .006mm, with no metal removal. Given that the radii of the burnishing tools 
are orders of magnitudes greater than the roughness profiles, the action is akin to pressing on 
the surface with a flat plate. "There is no scrubbing action, and the peaks are not bent or 
folded over into the valleys,"( SME TMEtf'). 
A variant on roller burnishing is bearingizing. In this process, cylindrical rollers are 
held in a multilobed mandrel which causes the rollers to peen the surface as they rotate over 
it. This peening can occur as many as 200,000 times per minute and can double the increase 
in hardness caused by roller burnishing. SME TMEH.^' The peening rate is some 70 times as 
fast as that which is expected to occur in the Cascade Process. 
An important relationship in burnishing is the relation between the required forces 
and the radius of the tool. The smaller the radius of the burnishing tool, the lower the 
burnishing force needs to be to deform the surface asperities. The Cascade Process may be 
able to burnish surfaces with much smdler forces than those required for roller burnishing 
since the radius of the media used is one quarter to one half the size of the smaller rollers and 
balls used for burnishing. 
The initial surface roughness is also an important parameter in burnishing operations. 
Ground surfaces will burnish differently than a machined surface with the same R^ value. 
Ram and Krishnamurthy^ report that a ground surface with an initial R^ of .4^m can be 
17 
burnished to a .06^m surface finish with light forces. They also report quadratic 
relationships between surface finish and the burnishing feed rate, speed and forces. Wear 
resistance was reported to increase up to 50% in some cases as well. 
In a survey of ball burnishing parameters and surface finish, Loh and Tam,^* provide 
empirical results from a number of studies. The importance of the initial surface roughness 
and its interaction with lubricants was highlighted as well as the need for burnishing balls and 
workpiece materials to have low adhesion coefficients. As with roller burnishing, a quadratic 
relationship between burnishing force and sxirface roughness was found. Also, as expected, 
the ductility of the work material was a very significant factor in determining the amount of 
surface smoothing obtainable by the process. Two other papers by Loh, Tam and 
Miyazawa"-^® provided similar results. 
If a burnishing ball is oscillated in the direction of the feed motion the resultant 
process is termed vibratory burnishing. Pande and PateP present the results of a detailed 
experiment relating four factors, speed, feed, force and frequency to both surface roughness 
and micro hardness. A central composite designed experiment and a response surface model 
provided a second order empirical model of the process. Graphs of the effects of each factor 
and interactions between the factors are given. Vibratory burnishing was found to increase 
the hardness by 40% in some cases and surface roughness was found to be reduced by as 
much as 90% of values with some workpieces attaining a roughness of .27|xm. The 
process was also found to produce excellent bearing surfaces. 
Most of the articles on burnishing operations note that the processes produce work 
hardened surfaces with superior wear resistance and that burnishing greatly increases the 
fatigue lives of many materials. Whether this is due to the smoother surfaces, work 
hardening, an imparting of residual compressive stresses or a combination of all three has not 
been determined conclusively. 
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Although the Cascade Process is somewhat similar to the burnishing processes in 
certain aspects, there are major differences. First and foremost, CP is not a controlled 
process. The forces imparted by the media and their velocities as they travel over the surface 
of the workpiece are unknown and vary in both magnitude and direction during processing. 
Also, the media is 1/2 to 1/4 the size of the smaller burnishing tools. This implies that the 
ratios of the profile height and burnishing radius are much greater and that the analogy of a 
flat plate pressing on the surface may be invalid. However, the smaller radius also means 
that the specific pressure acting on the surface can be high even if the contact forces 
generated by CP are substantially lower. Also, the lubricants used in burnishing are likely to 
be quite different than the liquid constituents used in CP. 
Shot peening 
Another cold working process that is somewhat similar to CP is shot peening. During 
shot peening, media, (usually iron or steel spheres of .05 - Imm diameter) are fired at high 
velocity ( 80+m/sec) toward the workpiece. The resultant impacts plastically deform the 
surface layers of the workpiece, leaving craters which correspond to the radii of the media. 
Reviews of the peening process may be found in SME,^* Eckersley and Champaigne,^' 
Marsh,^° and Meguid.^' Many other studies have been carried out regarding the beneficial 
effects of peening on fatigue life. It is hypothesized that similar effects will be obtained via 
CP. 
The key parameters governing the process are: Shot size and material, shot velocity, 
angle of impact, peening time, flow rate of shot and the workpiece material. The size and 
depth of the imparted residual stresses are determined by these variables and strict standards 
have been established for setting and maintaining the peening parameters to assure that the 
desired fatigue strength improvement is attained. 
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The action that occurs upon impact depends strongly on the angle of impact. At 
lower angles, there is very little plastic deformation and material may be removed by an 
erosion of material through a "cutting" action Verpoort and Gerdes." At a 90° angle of 
impact, the maximum amount of energy is transferred to the workpiece and the amount of 
plastic deformation is greatest. At angles of20-40° the amount of material that is lost via 
erosion is greatest. Verpoort and Gerdes^^ report up to a 16 x 10'^ gram weight loss on SAE 
1060 steel specimens when peened at angles of 35-40°. At longer peening times, surfaces 
may start to erode by flaking of the surface layer of material. It is hypothesized that after 
repeated blows the superficial surface layers of material become overhardened and they are 
detached from the substrate. Work by Schey^' provides some insight regarding how this 
erosion may occur, but the matter is outside the scope of this research. 
In a review of recent shot peening research, Waterhouse^" provides information 
concerning the mechanics of the process. Yielding of the work material occurs when the 
ratio of the mean contact pressure to the shear yield point reaches a given level, more 
specifically, when Pol K» 2.77, where PQ is the mean contact pressure and K is the yield 
point of the work material under pure shear. After repeated peening, this relationship 
changes due to the cold working of the material and yielding occurs when; Pol 5.54. 
The maximimi pressure applied to the workpiece occurs approximately at a depth equal to 
one half of the shot diameter. A more in-depth treatment of the impinging of the shot on the 
surface may be found in a work by Al-Obiad." 
Of considerable interest is the surface finish produced by shot peening. Most of the 
comparisons and profiles of peened surfaces are based on the assumption that the initial 
surface was relatively smooth to begin with. Smooth surfaces become cratered with typical 
Ra values ranging from 2 to 3 jim depending on shot size and material, workpiece material, 
processing time, angle of impact, and shot velocity. Tracings of pre-peened surfaces and at 
different peening times may be found in the paper by Meguid and Rabie." These tracings 
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show how a 1 |im R, surface is roughened to R, = 2.8 fom. Oshida, et al.^' present both 
tracings and microphotographs of smooth surfaces before peening and cratered surfaces 
during and after peening. They also note that if a surface is overpeened, the rims of the 
impact craters may be folded over and possibly broken off. 
Waterhouse^ presents the following relationship between the surface finish and shot 
peening parameters: 
Here V is the shot velocity, R the shot radius, p the density of the shot and oy the 
yield strength of the workpiece material. This would indicate that the larger the shot, the 
rougher the surface produced. Unfortunately, many other workers' results contradict this 
relationship and state that larger shot tend to produce smoother surfaces, (See SME"). 
The hardness of the workpiece is another factor governing the roughness of peened 
surfaces. The following relationship between hardness and roughness is cited by 
Waterhouse.^'* 
Where HRc is the Rockwell C hardness and ^ is a proportionality constant« 5.2. 
In a work characterizing surface finishes of various manufacturing processes, Peters, 
et at.^® state that peened surfaces are random with a periodic component left over from 
previous operations. Any periodic component of the surface texture that is smaller in width 
than the radius of the shot can be eliminated. Wide periodic components such as waviness 
are unlikely to be removed. Peters, et al.^^ also report that a peened surface is slightly 
negative in skew and that the radii of the crests of the craters measure up to 30fam. 
All of the above discussion of the surfaces produced by peening assmnes that the 
angle of impact is approximately 90°. Verpoort and Gerdes^^ provide insight into the effects 
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of the angle of impact on the surface produced. Photographic evidence shows that at a 45° 
angle of impact, no cratering can be seen and that the surfaces appear to be rippled, 
exhibiting a sand dime-like surface with a very directional lay. At higher magnifications, 
erosion platelets can be seen clearly. The surfaces produced by a 90° angle of impact were 
non-directional and approximately uniformly cratered. 
Another factor in the resulting peened surface finish is the initial surface roughness. 
When starting out with a relatively smooth surface, the cratering caused by peening 
determines the resulting roughness. However, when starting with a rough surface the initial 
topography will continue to influence the roughness if the former is not completely wiped 
away. O'Hare" shows a rough milled surface before and after peening. Even after peening, 
the underlying lay of the surface can still be seen and the machining marks are still visible 
through the cratering caused by the shot. O'Hare comments that for fatigue life improvement 
the shot must be able to reach into the valleys and that all traces of the milled surface must be 
removed. 
Given that peening produces relatively rough surfaces, attempts have been made to 
produce the beneficial fatigue enhancing properties of peening while maintaining a smooth 
surface finish. Verpoort and Gerdes^^ describe an attempt to reduce the roughness of peened 
surfaces by using vibratory abrasive finishing after peening to remove the peaks caused by 
the shot. The tracings provided clearly show that the peaks have been removed, but it is still 
imcertain whether or not the desired improvements in fatigue life are retained after a layer of 
material has been removed from the surface. 
Another attempt to produce residual compressive stresses without generating a rough 
surface is detailed in a work by Loersch and Neal."*" In this case, jet engine turbine blades 
required both high fatigue strength and a smooth surface for better airflow. These blades 
were peened with 1-2 mm steel shot accelerated only by gravity. The velocities reached were 
orders of magnitudes lower than those used in standard peening operations with the shot 
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being much larger, (approximately double the size). This process produced peening 
intensities of .25-.3mm as measured with "N" size Almen strips with a corresponding surface 
finish between .3-.4^m. It was also found that the use of larger balls decreased the level of 
work hardening but increased the depth of penetration of the residual stresses. 
While the action of CP on surfaces perpendicular to the vibratory motion is expected 
to approximate that of peening there are several major differences between the processes. In 
peening, the angle of impact, shot velocity, shot flow rate and location of peening are 
precisely controlled. This is not the case with CP. In CP, the velocity of individual balls 
varies, and the angle, location and number of impacts are not directly controlled. Also, the 
velocities of the balls just before impacting the surface are far lower than the 80+m/sec 
common in peening. In addition, the media usually used in CP is 2-6 times the size of typical 
shot. The use of a liquid cleaning compound during CP further differentiates it firom shot 
peening. 
Grinding 
When abrasive media is used in CP, metal is removed in a process which is somewhat 
similar to that in grinding, the major difference being that CP is an uncontrolled process 
where the depth of cut, cutting speeds and grinding direction are controlled by the random 
motion of the media. Malkin'" provides profile tracings and information pertinent to the 
surfaces produced by traditional grinding processes. The profile height and peak-to-valley 
heights of ground surface profiles are Gaussian in nature. However, the surface texture is 
definitely directional; corresponding to the grinding direction. R, values for ground surfaces 
range from .15-2.5(im depending upon the process parameters. Peak-to-valley heights 
typically range firom 7-14 times the R, values. Most grinding processes leave a long-term 
waviness on the surface due to vibrations and other factors. 
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n EXPERIMENTAL PROCEDURE 
Introduction 
In order to investigate tiie effects of the Cascade process on surface finish and to 
understand how the process works, a series of designed experiments was performed. These 
experiments were carried out under the auspices of Mr. Larry Leaven, plant manager at Iowa 
Engineered Processes Corp.. The following section outlines the purpose, selection and 
methods of these experiments. After a brief explanation of the screening experiments the 
first designed experimental procedure is described in detail with the subsequent experiments 
being differentiated in turn. 
Experimental objectives 
The purpose of these experiments was to provide insights into the seven topic areas 
outlined in the introduction. Namely; determining the surface textures produced by the 
process, determining the significance and effects of run time, vibratory frequency and fixture 
clearances, determining the effects of media type, size and geometry, determining the effects 
of surface orientation, determining the effects of the initial surface finish, providing a cursory 
study of the effects of CP on the micro-hardness, stock losses and imparted compressive 
residual stresses and collecting other pertinent information such as peak accelerations, etc. It 
was also hoped that the experimental results provided by the statistically designed 
experiments would allow for the development of empirical models of CP and that the 
"optimal" settings of the process parameters under study could be determined with respect to 
surface finishing. The initial screening experiments and experience of the lEPC personnel 
were used as inputs to design the original set of experiments with the later experiments being 
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devised "on the fly" as knowledge of the process was uncovered by the preceding 
experiments. 
Rational for surface characterization method used in this research 
The surfaces examined in this research were measured with a profilometer, and a set 
of standard roughness parameters. Tracings and microphotography were also used to 
characterize them. There were two reasons for choosing these methods. First, the equipment 
was readily available, easy to operate and allowed measurements to be taken at the facility 
where the experiments were carried out. Secondly, most of the previous work describing the 
surfaces produced by mass finishing processes, peening and burnishing employed established 
2-D parameters and tracings. In order to easily compare the surfaces produced by CP with 
other processes, similar characterization methods were chosen. 
Screening Experiments 
Due to the lack of knowledge about the effects of processing parameters on the 
surface finish as well as the dearth of information on the flmdamentals of CP itself, three 
screening experiments, conducted on machined castings, were carried out prior to the set of 
nine designed experiments conducted on steel blocks. These screening experiments are 
discussed briefly, prior to the more in-depth discussion of the nine main experiments. 
Experimental design 
These three screening experiments were run to investigate the effect of run time on 
the surface finish produced by CP. Deburring, generation of edge radii, and surface 
hardening were also afforded cursory study. 
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Experimental procedure 
All three sets of castings were processed imder the same conditions for varying 
lengths of time, (5, 10, and 15 minutes for the investment castings and Sauer Sundstrand iron 
castings, and 10,20 and 30 minutes for the GM castings.) Case hardened steel pins 3.2mm x 
2.4mm (l/8in x 3/32in) were used as media along with a liquid Bio Static cleaner/corrosion 
inhibitor. The castings were fixtured in the work chamber and the latter was then vibrated 
with an amplitude of approximately 6.35 mm (l/4in) and a frequency of 2700 RPM. 
Test specimens 
The specimens used during the experiments were donated by Invest Cast Inc., Sauer 
Sundstrand Inc. and General Motors Corp. The experiments were designed to suit the 
specimens, which were of arbitrary shape and surface finish. 
Three sets of test specimens were used in the experiments. The first set contained 11 
investment cast die steel specimens, A2 and M42. These were of varying shapes and sizes 
with initial Ra values ranging from 3.1 jim to 1.4 ^im, and mean hardness values ranging 
between 65 HRc and 52 HRc. 
The second set contained six SAE J434 ductile iron housings for hydrostatic pumps 
donated by Sauer-Sundstrand, Inc. The tumed and milled surfaces were finished to varying 
degrees with initial surface roughness values ranging from 2.1 |im to 1.3 |am Ra for the 
tumed surfaces and 1.3 |im to 0.45 jim Ra for the milled surfaces. Initial hardness 
measurements ranged from 81 to 101 HRb. 
The final set consisted of three front end differential carriers donated by General 
Motors Corp. These castings of GM 6129-M were "Mallenized", (a proprietary salt bath 
nitriding process) and had a nominal hardness of 60 HRc. The siuface roughness was 
measured in 10 different areas on each casting with pre-processing surface roughness values 
ranging from 4.5 |im to 0.9 jam Ra-
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Measurement methods and equipment 
A detailed explanation of the measurement procedures and equipment used to 
quantify the surface roughness is contained in the following section. Experiment One. 
The results of these screening experiments are located in Appendix B. 
Experiment One 
Experimental design 
A Central Composite Design (CCD) was used along with Response Surface 
42 Methodology (RSM) to provide the desired process information, (Montgomery and 
43 Vardeman ). The CCD design was chosen because of the ability to examine possible non­
linear trends, the ability to be blocked into the two days reqiured to run the experiment and 
the ability to more easily build first and second order empirical models. The actual design, 
generated with the Minitab'" statistical software package, is a rotatable, orthogonal design 
capable of detecting non-linear trends and two-way factor interactions. Three-way 
interactions were considered unlikely. An a value of 1.682 was used for the "star" points. 
The experiment was blocked by the two days needed to complete all 20 runs. (See the design 
matrix and data collection sheet located in Appendix C for complete design details.) 
Selection of factors and factor levels 
Based upon the practical experience of lEPC employees, trial runs, and the results of 
the screening experiments, three factors were chosen for investigation. The selection of these 
factors was not solely based upon perceived importance or process understanding. Several 
factors mentioned in a questioimaire completed by operators as being very important to 
effective processing were either imcontrollable or unmeasurable. The three factors finally 
chosen were: 
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1. Process Run Time. From the screening experiments and common sense, 
process run time was known to be a significant factor. The screening experiments were 
inconclusive as to whether or not the relationship between nm time and surface smoothing 
was linear or non linear. The length of the run times were 7 minutes for the - I level and 23 
minutes for the +1 level. 
2. Vibratory Frequency. The frequency of oscillations is an important factor in 
the motion of the media within the fixture, as well as the magnitude of the accelerations 
produced. The rolling and impingement of the media on the surface of the part are assumed 
to be primary mechanisms in the surface finishing action observed in the screening 
experiments. Based upon the capabilities of the kinematic drive system and the stability of 
the Cascade machine, the vibratory frequency was set at 2700 RPM and 2500 RPM for the 
+1 and -1 levels respectively. 
3. Clearance between the test specimen and the fixture wall. The distance 
between the fixture wall and the part being processed affects the motion of the media, the 
ratio of media volume to part volume, the throw weight of the fixtured part and the amount of 
media damping. A clearance distance of .75in was used for the +1 factor level and .5in for 
the -1 level. 
Response variables 
Eight different measures of surface roughness were used in the experiments to 
characterize the specimen surfaces. The dififerences between the pre-Cascade measures and 
the post-Cascade measures, either in measured units or as a percentage of the original 
roughness, were chosen as the response variables. The eight measures were: 
1. Ra, Arithmetic average (jam) 
2. R2, Mean peak-to-valley height (^m) 
3. Rmax' Maximum roughness depth (^m) 
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4. Pt, Profile height (^m) 
5. Wt, Waviness depth (|im) 
6. Mj., Material ratio at -lum (%) 
7. Rq, RMS (nm) 
8. S^, Average profile element width (|im) 
Most of the statistical analysis was performed using the values. The additional 
measures were used to help define the surface texture. 
In addition to the quantified surface response variables, a tracing of the surface profile 
and the material (bearing) ratio curve was made for each surface. Photographs of select 
magnified surfaces were also taken to help ascertain the nature of the surfaces produced. 
Experimental procedure 
20 standardized test specimens were run on the same CP machine, (a nine year old 
model # 400), with all process parameters other than those identified above being held as 
constant as possible. Trial runs were performed to assure consistency of the process. 9.5mm 
X 2.4mm (3/8in x 3/32in) case hardened steel pins with a mass of .23 grams were the media 
used for the first experiment. The standard Alkaline Bio Static cleaning/corrosion liquid was 
used during the experiments. Five different fixtures were designed, as they were needed to 
test the effects of the clearance factor. (See the fixture designs in Appendix A for details.) 
The first stage of the experiment was carried out with 12 specimens and evidence of 
any non-linearity of the surface smoothing was investigated. Subsequently, the remaining 
eight runs were performed. Conveniently, the generated design breaks these two stages into 
the two day blocks. 
In addition, the flow rate of the media through the fixtures and the accelerations 
generated by the machine were measured for each experimental run. It was hoped that this 
information would aid in the understanding of the process. 
29 
Test specimens 
The specimens used dtiring the experiments were SAE 1018 cold rolled mild steel 
blocks (92-95 HRb) measuring 100mm x 38ram x 38mni (4in x 1.5in x 1.5in). (See 
specimen design drawings in Appendix A.) The blocks were milled on all four sides using 
both single tooth fly cutters and multi-tooth face mills. The blocks were sorted by and 
profile tracings into groups of 20. The blocks used in the first experiment had surface 
roughness measures averaging firom 2.3 |im to 2.6 |im R^. Although the values were 
fairly uniform, the actual profiles were somewhat different due to back cutting, tool wear, 
etc., (the subsequent experiments tried to account for this). The 20 blocks in the group were 
then randomly assigned to an experimental run. Each specimen was stamped with an 
identification number which also marked the surface that was to face up in the fixture. The 
specimens were secured in the fixture by a 3/8in-l6 NC bolts, making siu-e that they were 
properly aligned and would not rotate during processing. 
Measurement methods and equipment 
The pre- and post-Cascade surface roughness measures were obtained with a 
Perthometer 3SP profilometer using a skidless probe. The tracing length was 5.6 mm with an 
actual measurement length of 4 mm. Five measurements were taken in the middle of each 
side of the test specimens before and after processing. The pre-and post-measurements were 
taken in approximately the same location for each area. The measurement error was 
estimated to be no greater than ±0.03 jim Ra- Several different surface roughness parameters 
were measured. These included the arithmetic average, R^, the ten point height, R2, RMS, 
Rq, waviness depth, W^, material ratio, M^ (or bearing ratio), etc.. These measurements 
were taken in accordance with DIN and ISO specifications. The M^ measures were taken 
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with a reference line at 5%, the distance between the intersection line and reference line being 
at -1 jim. 
A BCistler accelerometer (# C62369) with a range of ± 50 g and a nominal sensitivity 
of 1.7% was used along with a 35 MHz oscilloscope to measure the peak accelerations. 
The flow rate of the media out of the egress holes in the bottom of the fixture was 
gauged by timing the filling of a container and then determining the net weight of the media. 
Data analysis 
All tests for factor significance, factor interactions, regression lack of fit, etc., were 
44 performed using The Minitab™ statistical software package. (Minitab ) These tests were 
run at a 5% level of significance. Contour and response plots were produced as well. A set 
of residual diagnostic plots was also made to assure validity of the experiments. Where 
applicable, paired t-tests and difference between means were also taken with a 5% level of 
significance. 
Experiment Two 
Experimental design 
The second experiment used basically the same CCD design as the first, the only 
exception being that the vibratory frequency was measured by the Hz of the machine control 
unit. This was due to the fact that a different machine was used from that used in the first. 
The machine used in this experiment was a model 160, # 2900, which controlled the 
frequency of vibrations indirectly. The level of Hz of the control unit corresponded roughly 
to the RPM's of the machine used in the first experiment. All experiments run on this 
machine had the vibratory frequency controlled in this fashion. All of the experiments run on 
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the model 400 machine had the vibratory frequency controlled directly by the RPM's of the 
motors. 
Response variables 
The surface roughness response variables remained the same as in the first 
experiment. To measure the amount of stock material removed by the abrasive media, the 
specimens were weighed immediately prior to and after processing. The difference in pre-
and post-processing weight was used as a response variable. The micro-hardness of the 
"center points" of the design was measured in order to determine the extent of work 
hardening produced by the process. Theoretically, the burnishing and peening of the surfaces 
should have resulted in an increase in micro-hardness. The screening experiments did not 
detect any change in the superficial hardness so it was hoped that the microhardness tests 
would provide evidence of work hardening. 
Experimental procedure 
Ceramic bonded aluminum oxide angle cut triangular AT 60°, medium grit abrasive 
media, approximately 9 mm x 6nMn (3/8in x l/4in) with a mass of .40 grams was used in this 
experiment. The machine, model 160 # 2900, was loaded with the abrasive media and the 
experiments were performed over a two day period. This machine had different operating 
characteristics than the model 400 machine used in the first experiment. Although it was 
desired to run all of the experiments on the same machine, the length of time required to 
change media and the need to use the machines for production made this infeasible. Hence, 
the abrasive media experiments were run on the machine # 2900 while the steel pin media 
experiments were run on the model 400 machine. The same fixtures were used as in the first 
experiment after being reworked. 
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In addition to the designed experiment, six specimens were run in the five different 
fixtures for varying amounts of time and at varying frequencies. These were meant to be 
confirmatory tests to validate any empirical models derived from these experiments. 
Test specimens 
A group of 20 similar size blocks with values ranging from 2.9 to 3.5 jim were 
used. As with the specimens in the first experiment, the actual profiles of the surfaces 
differed somewhat from each other. 
Measurement methods and equipment 
The surface profile measurements were the same as in the first experiment. 
An Ohaus electronic scale with an accuracy of ±.l g was used to measure the stock 
losses. 
The micro-hardness tests were taken on a Leco M-400 micro hardness tester 
(#374179). A 1kg load was used in most cases. Each surface was measured in four different 
locations with two readings taken at each location. The Vickers hardness (Hv) was the 
measured value. It was difficult to determine the accuracy of these observations due to the 
fact that the surfaces were not polished. In order to take very accurate hardness readings the 
surfaces should be as smooth as possible, but if the processed sirfaces were polished before 
being tested, the layer of material which was work hardened might have been removed. 
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Experiment Three 
Experimental design 
The same CCD design was again used. However, based upon the results of the first 
two experiments, it was decided that blocking for the day on which the runs were made was 
unnecessary. Therefore, the test specimens were blocked into two groups based upon the 
initial surface roughness. These blocks were designed so as to maintain the orthogonal, 
rotatable design. 
Experimental procedure 
The existing fixtures were modified to accommodate the vertical orientation. The 
same clearances between the part and the fixture were maintained. (See the modified fixture 
drawings in Appendix A.) As with the first experiment, the model 400 machine was used 
along with the steel pin media. 
Test specimens 
As mentioned previously, the test specimens were oriented vertically instead of 
horizontally. This required them to be of shorter length, 63mm x 38mm x 38mm. (See 
drav^dng in Appendix A.) Due to the difficulty in producing uniformly rough surfaces, these 
vertical blocks were machined with Ra values ranging firom 6.65 to 7.0|am. This group of 20 
specimens was divided up into two blocks, one with initial values of 6.9 to 7.0|am, and the 
other having values in the range 6.65 to 6.85|im. In this experiment, the actual profiles of the 
surfaces were fairly similar which was not the case for the first two experiments. 
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Measxirement methods and equipment 
Given the greater surface roughness of this set of specimens, the parameters used to 
quantify the profiles were changed. The tracing length was 17.5 mm with an actual 
measurement length of 12.5mm. Two measurements were taken in the middle of each side of 
the test specimens before and after processing. A simple fixture was used to assure that the 
measurements were taken in approximately the same locations before and after processing. 
The measurement error in this case was estimated to be no greater than ±0.05 ^m R^. In 
addition, the Rq (RMS) parameter was not measured. Instead, the mean spacing between 
peaks, Sjn, was determined. 
Once again, the stock losses were measured by weighing before and after processing. 
Experiment Four 
Experimental design 
In order to gain a better understanding of the relationship between run time and 
vibratory firequency this experiment did not include clearance as a factor. Accordingly, a 
different experimental design was used. Once again, the generated design was orthogonal 
and rotatable. See the design matrix and the data collection sheet in Appendix F for complete 
design details. 
Experimental procedure 
This experiment also used a different media firom the previous ones. A case-hardened 
steel ball media was used. These balls were 2.4mm (3/32in) in diameter and had a mass of 
.055 grams. The model 120, machine #2900, was used to run this experiment. 
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Test specimens 
Once again the vertical test specimens were used. The initial Ra values of the blocks 
ranged between 6.2 to 6.4pm. As with the previous experiment, the surface profiles of the 
blocks were fairly uniform. 
Experiments Five, Six and Seven 
Experimental design 
In experiment number five, 3.18nun (1/8in) steel ball media was used to process eight 
blocks with initial roughnesses of R, = 6 -5.5pm. Experiment six also used the larger size 
balls but the specimens had initial roughnesses of Rj = 2.3-2.6|im. Experiment seven ran 
specimens that had initial roughnesses of 2.9-3.Ipm with the steel pin media. In order to aid 
in the comparison of the results of these experiments with the previous ones, several blocks 
were run at the same factor levels as the center points of the aforementioned CCD design. 
The factors time and firequency of vibration were varied one at a time to allow for easy 
analysis. The experimental designs are shown in Appendix G as they appeared on the data 
collection sheets. Note that in number seven, three blocks were run at the same settings. 
This was to help determine the repeatability of the process under these operating parameters. 
Experimental procedure 
Experiments five and six followed the same experimental procedure. They were run 
on machine # 2900, model 120, using the "large" steel balls. These balls were 3.18mm 
(l/8in) in diameter and had a mass of .13 grams. All runs used the same 12.5mm (.50in) 
fixture. Experiment seven was run on the model 400 machine using the steel pin media and 
the 16mm (.625in) fixture. 
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Test specimens 
The vertical blocks were again used in all three experiments. The initial values 
ranged from 6 -5.5^m in experiment five, 2.3-2.6|im in experiment six and 2.9-3. l^m in 
experiment seven. Although the roughness values of the blocks used in experiments six and 
seven differed substantially, profile tracings show similar surface texture. The blocks used in 
experiment five had similar profiles to those used in experiment four. 
Experiment Eight 
Experimental design 
To test the theory that surfaces with thinner asperities, i.e. those with high ratios of Rg 
to Sn,, allow for a smoother surface finish to be produced in shorter run times and at lower 
frequencies, three blocks with relatively low asperity widths were run with the pin media, 
while three were run with the large balls In the first set, run time was varied. In the second, 
vibratory frequency varied. The experimental design is shown in Appendix H. 
Experimental procedure 
The first three blocks were run on the model 400 machine using the steel pin media in 
the 12.5mm (.50in) fixture. The other three were nm on machine # 2900, model 120, using 
the 3.18mm (l/8in) steel balls. Once again, the 12.5mm fixture was used. 
Test specimens 
Vertically oriented blocks with initial values of 2.3|am were run with the pin 
media. The initial R^ values ranged from 2.3-3.5(im for the three blocks run with the balls. 
The blocks used in this experiment were the "left over" from the blocks sorted for use in 
experiments one and two. 
37 
Measurement methods and eauipment 
Given the smoother surfaces with smaller asperity width, the same measurement 
parameters were used as those used in experiments one and two. However, only two 
measurements were taken on each side due to the shorter block length. 
Experiment Nine 
Experimental design 
In order to explore the surfaces produced by a two step process involving an abrasive 
cycle followed by a burnishing cycle, a set of 8 blocks from experiment two were re-run 
using the small steel balls. Six of these were run at varying times with the other factors held 
constant. The other two were run at different vibratory frequencies for 15 minutes. The 
experimental design is shown in Appendix H. 
Experimental procedure 
The first six blocks were run in the vertical orientation on machine # 2900, model 
120, using the 2.38mm (3/32in) steel balls in the I6mm (.625in) fixture. The last two blocks 
were run in the horizontal orientation. 
Test specimens 
These blocks were the same blocks previously nm in experiment two. The first six 
blocks were the "center points" of the CCD. The last two blocks were chosen because they 
had very smooth surfaces, R, = .25-.35^m. The blocks were cut to the required length for use 
in the modified fixtures. 
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Measurement methods and equipment 
Given the smoother surfaces with smaller asperity width, the same measurement 
parameters were used as those used in experiments one two and eight. However, only two 
measures were taken on each side. The six "center points" from experiment two had micro-
hardness tests taken after the abrasive stage and also after this burnishing stage to detect any 
change in hardness. In this case, the same micro-hardness tester was used with several 
different initial loads being used. (These ranged from 1kg to 10 grams.) The procedure was 
similar to that described in experiment two. 
Experiment Ten 
Experimental design and procedure 
A series of Almen strips were mounted on an Almen strip holder which was bolted to 
the door of a special fixture. The machines were then run at the highest attainable frequency, 
approximately 2850 RPM, for 5,10 and 15 minutes. Seven strips were run in the pin media 
and four were run in the small 3/32in ball media. 
Test specimens 
Standard size A and N Almen strips were used for this experiment. 
Measurement methods and equipment 
An electronic Almen Gage was used to measure the arc height of each strip after 
processing. 
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Summary listing of all ten experiments 
The following is list is provided for quick reference and comparison of the different 
experiments. 
Experiment 1: 
Full CCD with three factors: Run time. Vibratory frequency and Clearance 
Pin media 
Horizontal orientation 
Machine model 400 
Initial R, range, 2.6-2.3{am 
Experiment 2: 
Full CCD with three factors: Run time, Vibratory frequency and Clearance 
Abrasive triangular prism media 
Horizontal orientation 
Machine model 160 
Initial Rj range, 3.5-2.9{im 
Experiments: 
Full CCD with three factors: Run time, Vibratory frequency and Clearance 
Pin media 
Vertical orientation 
Machine model 400 
Initial R, range, 7.0-6.6|j.m 
Experiment 4: 
CCD with two factors, run time and vibratory frequency 
3/3 2in diameter ball media 
Vertical orientation 
.5in fixture 
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Machine model 160 
Initial R, range, 6.4-6.2nm 
Experiment 5: 
Run time and vibratory frequency varied independently 
l/8in diameter ball media 
Vertical orientation 
.5in fixture 
Machine model 160 
Initial R^ range, 6-5.5|im 
Experiment 6: 
Run time and vibratory frequency varied independently 
l/8in diameter ball media 
Vertical orientation 
.5in fixture 
Machine model 160 
Initial R, range, 2.6-2.3|im 
Experiment 7: 
Run time and vibratory frequency varied independently with replications 
Pin media 
Vertical orientation 
.625in fixture 
Machine model 400 
Initial R, range, 3.1-2.9fim 
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Experiment 8: 
Run time varied for three blocks and frequency varied three blocks 
Pin media for three specimens and l/8in ball media for three specimens 
Vertical orientation 
.5in fixture 
Machine model 400 for the specimens run with pins and model 160 for balls 
Initial range, 3.5-2.3^m 
Experiment 9: 
Run time varied for six blocks and frequency varied for two blocks 
3/32in ball media 
Vertical orientation for six blocks and horizontal orientation for two blocks 
.625in fixture 
Machine model 160 
Initial R, range, .48-.25(im (blocks previously run in abrasives) 
Experiment 10: 
Almen Strip Test 
3/3 2in diameter ball media and pin media 
Special fixture 
Machine model 160 and model 400 
A and N Almen strips. 
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in EXPERIMENTAL RESULTS 
Introduction 
This section presents the results of the ten experiments detailed previously. General 
observations, tables of results, abbreviated statistical analysis, empirical models, profile 
tracings and micro-photographs will be included as they apply to each experiment. 
Screening Experiments 
General observations 
Although the screening experiments were mainly run to aid in the design of the main 
experiments, several pertinent observations were made. Most of the die steel castings were 
not smoothed to any great extent. Only the A2 specimens that were processed for 10 and 15 
minutes exhibited significant reductions in surface roughness. The M42 steel surfaces did 
not exhibit any improvement as was expected since these items had a higher material 
hardness than that of the media, (65 HRc vs 63 HRc). The results of these tests are tabulated 
in Appendix B. 
The Sauer-Sundstrand ductile iron castings exhibited a marked decrease in surface 
roughness, as measured by the arithmetic average Ra, ranging from 8% to 75%. A statistical 
analysis showed that the reductions were indeed significant and that processing time, 
orientation and original surface roughness were all factors that affected the amount of 
smoothing. These results are shown diagrammatically in Appendix B, Figures B1-B3. 
The surface roughness observations obtained for the three GM castings are 
summarized in Table B3 in Appendix B. The areas directly exposed to the CP action showed 
a substantial reduction in roughness while the areas located away from the cascading action 
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experienced a much smaller amount of smoothing (see Appendix B Figure B4). In addition, 
the material (bearing) ratios Mj-, were greatly increased on all of the surfaces measured (see 
Appendix B Figure B5). 
Experiment 1 
This initial CCD experiment investigated the effects of time, frequency, and 
clearance. The pin media was used and the specimens were oriented horizontally. 
General observations 
Only a small percentage of the expected surface smoothing was observed. A slight 
abrasion, and folding and shearing of the peaks of the thinner asperities were the only 
noticeable changes in the surfaces which were parallel to the oscillations (see Figures 1 and 
2). 
_ • •- 9-
Figure 1. 400x microphotograph showing an asperity peak folded over into valley. 
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R, = 2.77mn 
Tvnva 
R3=1.89|j,m | = 5|im — =250|am 
Figure 2. Pre and post CP profiles of block 6, side 4: run at 2700 RPM for 23 minutes. 
The fronts of the specimens which were perpendicular to the vibratory motion showed 
evidence of substantial smoothing with some of the specimens which were run for longer 
periods of time having metal that folded over the edge of the surface facing the action. This 
would indicate a large degree of local plastic deformation of this surface of the workpiece. 
The largest reduction in was approximately 30%, which occurred at 2700 RPM 
and after a 23 minute run time (see Figure 9). The average percentage reduction in R^ values 
ranged from 8 to 12% on the four sides of the specimens. This corresponds to only a .3-.2(j.m 
change in R^ measurements. Table 1 summarizes the percent reduction in R, for all four sides 
of the 20 specimens. 
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Table 1. % Reduction in R, for Experiment 1 
RunTime 
(min.) 
RPM Clearance 
(inches) 
Block# Side 1 
%R. 
Side 2 
%R, 
Side 3 
%R. 
Side 4 
%R. 
7.0 2500 .500 49 3% 2% 5% 11% 
23.0 2500 .500 44 8% 10% 4% 10% 
7.0 2700 .500 26 0%'»> 0% 5% 6% 
23.0 2700 .500 60 26% 16% 17% 21% 
7.0 2500 .750 53 5% 5% 11% 14% 
23.0 2500 .750 33 0% 3% 6% 11% 
7.0 2700 .750 21 6% 11% 5% 6% 
23.0 2700 .750 6 20% 19% 24% 30% 
15.0 2600 .625 43 5% 0% 0% 5% 
15.0 2600 .625 32 12% 7% 3% 12% 
15.0 2600 .625 50 11% 6% 8% 15% 
15.0 2600 .625 31 6% 10% 7% 7% 
1.5 2600 .625 7 0% 0% 6% 9% 
28.5 2600 .625 37 21% 12% 18% 16% 
15.0 2430 .625 39 6% 7% 6% 4% 
15.0 2770 .625 12 20% 12% 13% 10% 
15.0 2600 .415 17 19% 14% 7% 14% 
15.0 2600 .835 13 13% 7% 11% 16% 
15.0 2600 .625 20 7% 7% 3% 8% 
15.0 2600 .625 16 15% 10% 8% 11% 
0% reduction is due to the rounding of any pre-post differences < .05|im, 
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Statistical analysis 
Given that the amount of smoothing on the measured surfaces was small vis a vis the 
difference in initial roughness of the blocks and the measurement error, it was difScuit to 
analyze the data. A paired t-test comparing the difference between the percentage R, 
reductions of all four sides revealed that a significant difference existed between the finishing 
action on each side existed. Side 1, which was facing upwards (see drawing of test fixture in 
Appendix A), was smoothed to a greater extent than side 2, while side 4 was smoothed more 
than sides 2 and 3. This was an unexpected finding. It was assumed that sides 2 and 4 would 
receive the same finishing action and that side 3 would receive the greatest amount of 
finishing. 
The plots of the main effects for all four sides are shown below in Figures 3,4, 5 and 
6. These figures show that, in general, longer run times and higher RPM produce smoother 
surfaces. However, no conclusions can be made regarding the effect of the clearance 
between the fixture and block. It can also be seen that the process variables had different 
effects on the four sides of the block (e.g. the effect of RPM on smoothing is somewhat 
convex on side 3 and somewhat concave on side 4). Attempts to determine and plot 
interaction effects were inconclusive. 
The other response variables, R^, R„j^ and P„ showed a two to three times greater 
percentage reduction than the Rj reduction after processing. These differences indicate that 
the highest peaks of the surface profiles were removed. The material ratio measure showed a 
200% increase on four of the specimens. Again, this indicates that the highest peaks were 
eliminated. However, the waviness, W„ showed no statistically significant difference before 
and after processing. 
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Figvire 3. Main effects plots for % reduction on side 1. 
14 
11 
8 
5 
2 
Qear Run Time RPM 
Figure 4. Main effects plots for % reduction on side 2. 
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Figure 5. Main effects plots for % reduction on side 3. 
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Figure 6. Main effects plots for % R, reduction on side 4. 
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Empirical models 
An attempt was made to build models based upon either the percent reduction or the 
actual reduction in R, values for all four sides of the test specimens. Response surface 
regressions were run for linear, linear plus interactions, quadratic full quadratic models and 
regressed for best fit. The factors were coded to help eliminate any multi-linearity. The 
response surface regressions, ANOVAs, etc. are given in Appendix C. The best fit models 
for all four sides are shown below: 
Side 1. 
% R ^  =  \ Q A  +  5 . S - X + A 3 - Y  +  A . e - X Y - 2 A X - Z  
= 81% R^a^j = 76% ^ = 3.7 
Side 2. 
% R ^ = S . l  +  3 A X + 2 . 6 - Y  
R^ = 53% R^a^j = 47% ^ = 3.682 
Side 3. 
%R^ = 7.0 + 2-X^ +33-X+2J-r+L6-Z + 4.6-X-Y 
/J '=82% R^adj = 15% 5 = 2.89 
Side 4. 
%/?„ = 10.3+ 3.4-^+2.0-7 + 2.3-2'+5.4-Z-r 
R^ = 74% R^a^ = 67% 5 = 3.476 
Where X  = coded run time, Y  = coded RPM and Z = coded clearance 
These results are suspect, however. Not only are the R ^  and R  values somewhat 
low and the s values relatively high, but a check of the residual plots revealed a pattem in the 
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magnitude and sign of the residuals based on the fixture used in the run. In addition, several 
unusual observations with large standardized residuals were found. In two instances, 
variables included in the best fit models were significant at the 10% level instead of the 5% 
level. 
The reasons for the inability to build an adequate model were two-fold. First, after re­
examining the test fixtures it was found that three of the fixtures had been built incorrectly. 
The clearances in the firont and the bottom on the smallest and largest fixtures were too large 
and too small respectively. In addition, the heights of the fixtures were also incorrect. These 
errors not only affected the clearance factors, but changed the ratio of media volume to 
fixture volume; a factor which was supposed to have been held constant. Another fixture 
error, which may have accounted for the greater smoothing observed on side 4, was that the 
mounting holes on the .625in and .835in fixtures were found to be slightly off center making 
the clearance between the fixture and side number 4 smaller than on side nimiber 2. This 
probably changed the flow and/or the action of the media. 
The second reason for the inaccuracy of the models is probably the lack of 
homogeneity among the initial surface profiles of the test specimens. Although the values 
of the initial surfaces were fairly imiform, 2.3 to 2.6|im, the surfaces differed in the width of 
asperities and spacing between the asperities. This large variance among the responses to 
runs with identical factor levels showed that either the process is not repeatable or that 
another variable, such as initial surface roughness, was a significant factor. This was 
investigated in the subsequent experiments. 
Other observations 
Two other aspects of CP were investigated during this experiment. The peak 
accelerations and the flow rate of media through the fixture were both measured. A plot of 
the peak g's vs. the VPM is shown in Figure 7. The relation between VPM and peak g's was 
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regressed using both a linear and quadratic model. The linear model had a slightly better fit, 
but given the relatively limited range of the machine's operating levels a quadratic 
relationship could not be ruled out. It must be noted that the curve presented below is only 
applicable to the specific machine which was monitored, and different Cascade machines will 
most likely have slightly different characteristics. 
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Figure 7; Plot of peak accelerations vs. VPM. 
Perhaps more important than the measures of the accelerations themselves was the 
realization that the amplitude of the vibrations changes as the vibratory frequency changes. 
This fact made the determination of the mean accelerations impractical. It was also noticed 
that a change in the mass of the system greatly affected the amplitude of the vibrations. 
There also seemed to be a cycling of the vibratory frequency over time. 
In addition to the accelerations, the flow rate of media through the egress holes was 
measured for the .5in (12.5mm) and .75in (19mm) fixtures. In the case of the .5in fixture, the 
flow rate of media out of the egress holes remained approximately 9 Ib/min (4 Kg/min) at 
different vibratory frequencies. For the .75in fixture the flow increased slightly from 11 
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Ib/min (5 Kg/min) at 2500 RPM to over 12.5 Ib/min (5.7 Kg/min) at 2700 RPM. These 
measurements were taken while using a reduced amoimt of fluid and hence, may not reflect 
the flow rate during actual operations. It is also important to note that only the flow out of 
the egress holes was measured and not the flow into the fixture nor that out of the top of the 
fixture. Future work must take these flow rates into accoimt in order to quantify the effects 
of media flow rate on the finishing action. 
Experiment 2 
This experiment investigated the effects of using an abrasive media in the CP. 
General observations 
All surfaces exposed to the media action had acquired a matte appearance. Many of 
the surfaces had little if any of the original machined surface remaining. The edges (l-2mm) 
of the specimens that abutted the rear wall of the fixture, an area which was inaccessible to 
the media, were left with the original machined surface. All the other edges were roimded off 
with the size of the edge radii being noticeably larger on the specimens run at higher 
firequencies and/or for longer run times. 
Examination imder a microscope revealed that the surfaces which faced upward, side 
1, were subjected to a different finishing action than those on the other three sides. Many of 
the upper surfaces show the remains of the initial machined finish with the valleys being 
clearly visible. The other three sides showed far less evidence of machining with the surface 
topography consisting of short scratch marks running parallel and angled between 45° and 
-45° to the direction of oscillation. The upward facing surfaces consisted of longer, 
shallower scratches in the direction parallel with the direction of oscillation (see Figures 8 
and 9). Specimens run at the higher firequencies and in the smaller fixtures tended to havet 
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Figure 8. 400x microphotograph of block 1, side 1; run 28.5 min at 90.5 Hz in .625in fixture. 
Figure 9.400x microphotograph of block 1, side 3; run 28.5 min at 90.5 Hz in .625in fixture. 
Figure 10. lOOx microphotograph of block 47, side 1; run 15 min at 90.5 Hz in .625in fixture. 
some pitting of the surfaces and the downward facing surface, side 3, showed evidence of a 
"plowing" action by the abrasives. By comparison, most of the top surfaces show a light 
grinding action with machining valleys remaining (see Figure 10). Attempts to measure the 
length of the scratches on the different specimens were inconclusive and it could not be 
determined whether or not the frequency of vibrations or fixture clearance resulted in 
different scratch lengths. 
The largest reduction in for side 1 occurred at 90.5 Hz and a 28.5 minute run time 
with a .625in (15.9mm) clearance (see Figure 11). The largest reduction in for sides 2, 3 
and 4 all occurred at 87 Hz and a 23 minute run time with a .75in clearance. Table 2 
summarizes the percent reduction in for all four sides of the 20 specimens, while Table 3 
does the same for the actual post-cascade roughness measures. The upward facing side 
received a much gentler finishing action and that this required 23 + minutes for the initial 
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machined sxuface to be removed (see Figure 12). The smoothest post-cascade roughness 
measxires for the four sides ranged from .27 to .35 |am. 
A few of the specimens with no visible evidence of the original surfaces were traced 
in the transverse direction (see Figure 13). Although no statistical analysis was performed 
due the small sample size, in general, the transverse profiles were found to have higher 
and P, measures. The Wj values, however, were uniformly lower than those for the 
longitudinal measxires. (This difference is most likely due to the larger W, values in the 
direction of the machined surface.) A visual inspection of the tracings and the material ratio 
curves indicated that the transverse surfaces had smaller profile element widths and tended to 
have a more negative skew. These findings confirm the visual observations of a highly 
directional surface being produced by the action of the media. 
Ra = 3.5nm 
Rj = .29nm | = 5(im — =250|am 
Figure 11. Pre and post CP profiles of block 1, side 1: run at 90.5 Hz for 28.5 minutes. 
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Table 2. % Reduction in R, for Experiment 2 
RunTime 
(min.) 
Hz Clearance 
(inches) 
Side 1 
%R, 
Side 2 
%R. 
Side 3 
%R, 
Side 4 
%R, 
Losses 
g 
7.0 87.0 .500 58% 62% 75% 78% .7 
23.0 87.0 .500 76% 88% 87% 88% .8 
7.0 94.0 .500 71% 73% 79% 73% .6 
23.0 94.0 .500 91% 73% 71% 82% 1.8 
7.0 87.0 .750 35% 61% 67% 70% .3 
23.0 87.0 .750 68% 92% 89% 90% .8 
7.0 94.0 .750 50% 82% 78% 76% .7 
23.0 94.0 .750 87% 82% 81% 84% 2.0 
15.0 90.5 .625 85% 86% 88% 88% .9 
15.0 90.5 .625 80% 84% 87% 88% .9 
15.0 90.5 .625 89% 87% 87% 88% .9 
15.0 90.5 .625 74% 84% 87% 83% 1.0 
1.5 90.5 .625 22% 37% 45% 35% .2 
28.5 90.5 .625 92% 88% 88% 86% 1.7 
15.0 84.5 .625 61% 81% 82% 85% .5 
15.0 96.0 .625 90% 79% 80% 79% 1.8 
15.0 90.5 .415 82% 82% 76% 81% .6 
15.0 90.5 .835 72% 90% 86% 84% .8 
15.0 90.5 .625 86% 86% 86% 86% .7 
15.0 90.5 .625 90% 85% 86% 85% .8 
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Table 3. Actual Post-Cascade R, values for Experiment 2 
RunTime 
(min) 
Hz Clearance 
(inches) 
Block# Side I Ra 
(im 
Side 2 Ra Side 3 Ra Side 4 Ra 
(im 
7.0 87.0 .500 63 1.37 1.14 0.77 0.57 
23.0 87.0 .500 64 0.78 0.38 0.41 0.41 
7.0 94.0 .500 22 1.03 0.87 0.82 0.83 
23.0 94.0 .500 57 0.32 0.73 0.93 0.59 
7.0 87.0 .750 46 2.30 1.29 1.19 1.17 
23.0 87.0 .750 4 1.21 0.27 0.35 0.31 
7.0 94.0 .750 40 1.59 0.55 0.65 0.65 
23.0 94.0 .750 61 0.36 0.54 0.62 0.54 
15.0 90.5 .625 47 0.48 0.45 0.40 0.41 
15.0 90.5 .625 28 0.53 0.46 0.42 0.39 
15.0 90.5 .625 51 0.38 0.43 0.45 0.38 
15.0 90.5 .625 54 0.78 0.47 0.41 0.44 
1.5 90.5 .625 62 2.42 1.80 1.67 1.98 
28.5 90.5 .625 1 0.30 0.43 0.43 0.43 
15.0 84.5 .625 35 1.29 0.56 0.50 0.47 
15.0 96.0 .625 42 0.33 0.73 0.71 0.75 
15.0 90.5 .415 36 0.60 0.59 0.87 0.66 
15.0 90.5 .835 59 1.00 0.37 0.43 0.44 
15.0 90.5 .625 52 0.41 0.46 0.43 0.43 
15.0 90.5 .625 58 0.31 0.42 0.45 0.44 
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Ra= 1.21|am 
R3 = .27|am | = 5nm — = 250nm 
Figure 12. Post CP profiles of block 4, sides 1 and 2 : run at 94 Hz for 23 minutes. 
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R, = .27nm, Rz = 2.18|im 
Ra= .3 l^m, Rz = 2.75|im | = 5|am — = 250mn 
Figure 13. Post CP profiles of block 4, side 2 in longitudinal and transverse directions. 
Statistical analysis 
The center points of the CCD, which were run at the same factor levels, had 
percentage R, reductions ranging from 83 to 88% for sides 2,3 and 4, showing good 
repeatability of the process. Side 1 showed a larger variation with center point values 
ranging from 74 to 90%. This variation was most likely due to the fact that one of the center 
point specimens had an initial surface with deeper valleys than the other specimens. These 
valleys were not removed and, thus, limited the reduction in surface roughness. A paired t-
test comparing the difference between the percentage R, reductions of all four sides was 
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performed and it revealed that there was a significant difference between the mean 
percentage R, reduction of side 1 and the other three sides. This difference ranged from 6 to 
7.5%. 
The plots of the main effects for all four sides are shown below in Figures 14, 15,16 
and 17. ITie main effects plots of the actual post-cascade measures followed similar trends. 
It appears that for sides 2 and 3 the main effect for time was very similar, with side 4 being 
slightly different. Vibratory frequency, as expressed by the Hz of the machine control unit, 
and clearance seemed to have had only a limited impact on the smoothing of sides 2, 3 and 4. 
Clearance also seems to have been a negligible factor for side 4. For side 1, both frequency 
and clearance appeared to be significant factors. 
Smaller percentage reductions were found in the other response variables, R^, R„,j„ 
and P„ after processing than the reduction in values. These differences indicate that after 
the machined surface is removed, the new surfaces produced had proportionally greater peak-
to-valley heights. The finishing seemed to leave occasional deep scratches (or pits) in the 
surface. At higher vibratory frequencies this seemed to be even more pronounced. Smaller 
changes in and P, vis a vis changes in R, can be seen in the specimens run at the highest 
frequency. Figure 18 shows the post-cascade profiles of the specimens run at the lowest and 
the highest frequencies. 
Although it appears that higher frequencies produced rougher surfaces on sides 2, 3 
and especially side 4, the statistical evaluations of the factor effects only partially support this 
observation. The empirical models presented below show vibratory frequency was an 
important factor in smoothing side 2 only, with a significant interaction between run time and 
frequency for sides 3 and 4. 
The Rj values for surfaces without any remnants of the initial machined surfaces were 
approximately 7 to 9 times the R, values. This lies within the range for typical ground 
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Figure 14. Main effects plots for % reduction on side 1. 
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Figure 15. Main effects plots for % R, reduction on side 2. 
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Figure 16. Main effects plots for % El, reduction on side 3. 
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Figure 17. Main effects plots for % R, reduction on side 4. 
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Ra = .47|im, Rz = 3.1(im | = 5^m — =250|am 
Ra = .75|im, Rz = 5.9|im | = 5fim — = 250|am 
Figure 18. Post CP profiles of blocks 35 and 42, side 4: run at 84.5 and 96 Hz respectively 
for 15 minutes. 
surfaces presented by Malkin''^. Ground surfaces are usiially approximately Gaussian in 
nature and the surfaces produce appear to be somewhat Gaussian. 
The material ratio measures showed a very large increase for all four sides of the 
specimens. This indicates that the highest peaks were eliminated and that many of the post-
cascade profiles were somewhat negatively skewed. Surfaces which had machining marks 
still visible had the highest material ratio values owing to the fact that the deep valleys 
remained while the peaks had been abraded away. 
The waviness height values, W„ showed a significant reduction, although this 
reduction did not follow the same trends with respect to run time, frequency and clearance as 
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the other roughness parameters did. The change in W, seemed ahnost random with center 
points having percentage reductions ranging from 20 to 50%. This may be due to the large 
variation in initial waviness heights or to the possibility that the abrasion of the surface 
produced longer term profile elements which were superimposed on the existing waviness of 
the surface. 
Empirical models 
Attempts were made to build models based upon the percent reduction in R, values 
for all four sides of the test specimens. Response surface regression analyses were run for 
linear, linear plus interactions, quadratic and full quadratic models. Best fit backwards 
regressions were also run. In order to allow for the use of the natural log of run time as a 
regression variable, a different coding scheme was used for sides 2,3 and 4. The response 
surface regressions, ANOVAs, etc. are given in Appendix D. The best fit models for all sides 
are shown below: 
Side I. Coded 
= 79.4 - 9.5 • X' +16.6 • ^ + 8.1 • r - 5.5 • Z 
R} = 89% R^a^j = 86% ^ = 7.3 
Side 2. 
%R, = -1754 + 28.7• ln^+ 223• X - 2.43• r' +131 • 7-35.4• Z-.9 X  Y + X A  Y  Z  
R^ = 99% R^adj = 98% 5 = 1.8 
Side 3. 
%R, = 47.9 + 24.4 • In ^-.3 • Z^-.l - Y + 3 - X -  Z  
R^ = 85% R^odj = 81% J = 4.5 
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Side 4. 
%/?„ = 24.2 + 31 • In X-.6 X r 
= 95% R'ace = 94% ^ = 2.9 
Where X= coded run time, Y = coded Hz and Z = coded clearance 
Using these empirical models and a set of coded factor levels, six sets of predicted percentage 
Ra reductions were determined. These were then checked against the actual reductions 
obtained by rurming six blocks using the same factor levels. Table 4 shows the predicted and 
actual percentage reductions along with the difference between the predicted and actual 
values. Even without a paired t-test it is obvious that the mathematical models are not 
confirmed by the six test blocks. There also does not appear to be any pattern to the 
discrepancy between the predicted and actual values. Given the and s values of the 
models for sides 2 and 4 good results were anticipated. One possible explanation for the 
failure of the confirmatory test is that, once again, the initial siirface profiles of the test 
specimens varied from those used in the designed experiment as well as from each other. 
Since these confirmation runs were made immediately following the experiment, it is 
unlikely that there was any consequential change in experimental procedure. It should be 
mentioned that in all but one case, the factors in the equations given above were found to be 
significant at the 5% level and none of the models were foimd to have evidence of 
experimental lack of fit. 
Other observations 
In addition to the surface roughness, the stock losses of the test specimens were 
measured. Table 2 shows the weight loss of each of the specimens in grams. The stock 
losses were found to be linear with respect to run time and exponential with respect to 
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Table 4. Predicted and Actual Values of Six Confinnatory Runs for Models 
Coded Factor Values Predicted Values (%Ra Reduction) 
Block U Time Hz Clearance Side 1 Side 2 Side 3 Side 4 
1 -0.63 0.29 1.62 58.7 82.7 77.8 80.1 
2 0.63 -0.43 -1.62 91.5 82.8 79.2 86.9 
3 -0.25 0.71 0.00 80.4 80.5 82.1 83.2 
4 -1.25 1.29 1.00 48.7 75.0 65.9 66.0 
5 1.25 -1.29 1.00 69.4 92.7 93.4 87.6 
6 -1.50 0.00 -1.00 38.6 47.7 62.6 53.7 
Coded Factor Values Actual Values (%Ra Reduction) 
Block # Time Hz Clearance Side 1 Side 2 Side 3 Side 4 
1 1 O
 
O
S 0.29 1.62 60.4 88.5 86.5 83.8 
2 0.63 -0.43 -1.62 86.8 83.8 86.1 83.2 
3 -0.25 0.71 0.00 75.3 89.4 88.5 89.3 
4 -1.25 1.29 1.00 70.8 71.0 76.5 76.3 
5 1.25 -1.29 1.00 80.8 83.9 79.5 81.7 
6 -1.50 0.00 -1.00 25.1 44.3 53.8 40.4 
Coded Factor Values Difference Between Predicted - Actual 
Block # Time Hz Clearance Side 1 Side 2 Side 3 Side 4 
1 -0.63 0.29 1.62 -1.7 -5.8 -8.6 -3.7 
2 0.63 -0.43 -1.62 4.7 -1.0 6.9 3.7 
3 -0.25 0.71 0.00 5.1 -8.9 -6.5 -6.0 
4 -1.25 1.29 1.00 -1.4 4.0 10.6 -10.3 
5 1.25 -1.29 1.00 -32.1 8.8 13.9 -5.8 
6 -1.50 0.00 -1.00 13.6 3.2 8.8 13.2 
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vibratory frequency. Interactions between time and frequency and frequency and clearance 
were also found. These findings indicate that higher frequencies produce a more aggressive 
abrasive action. 
The stock loss data were subjected to response surface regression and a best fit model 
was produced: 
g  =.58+.41 • X+.24 • e+.24 • X -  Y + . 0 9  - Y Z  
= 95% R^adj = 94% 5 =.12 
Where X  = coded run time, Y  = coded Hz and Z = coded clearance 
A main effects plot for the stock losses is shown in Figure 19. 
The same six confirmatory runs were used to validate this model as well. Once again, 
the model seems to be invalid. A t-test shows a significant difference between expected 
values and the actual values. This is despite the fact that all the variables used in the 
equations were all found to be significant at the 6.5% level and the model showed no 
experimental lack of fit. Since the measurement error on the pre- and post-weights is ±. 1 g, it 
is possible that the accuracy and round off errors caused the predicted values to be incorrect. 
Only one of the differences between the expected and actual values was greater than the 
possible ±.2 g cumulative error. 
Seven of the specimens used in this experiment also had micro hardness tests taken 
after processing. Five of the center points had tests performed on side 3 and two specimens 
run for 28 and 23 minutes respectively were tested on side 3 and one other side for 
comparison. The tests were carried out by the method described in Section II. The average 
measures are given in Table 5. 
The nominal pre-cascade micro-hardness of the specimens is 220 Hv. The change in 
the pre- and post-measures is approximately 30%, with an average micro-hardness of 292 Hv 
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Figure 19 Main effects plot for stock losses in grams. 
Table 5. Post-Cascade Micro-Hardness Measures for Select Specimens 
Block # Side Micro-Hardness Hv 
28 3 269 
47 3 291 
54 3 290 
52 3 292 
58 3 292 
1 1 280 
1 3 272 
4 2 281 
4 3 296 
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for the specimens run for 15 minutes at 94 Hz. There does not appear to be a significant 
difference between the hardness measures of the four sides. By way of comparison, 
Matsimaga' reported a 75% increase in Hv after 4 hours of barrel finishing brass workpieces. 
The seven specimen's micro-hardness values were later compared to the micro-hardness 
values after they had been re-run using the steel media (see Experiment 9). 
Experiment 3 
This experiment investigated the effect of vertical orientation of the specimens and 
rougher initial surface finishes, 7.0-6.6 |im. The pin media was used once again. 
General observations 
Except for the blocks run at the higher frequencies most of the specimens used in this 
experiment showed little evidence of smoothing, with the original rough machined surface 
being clearly visible after processing. The edges of the specimens that abutted the bottom of 
the fixture appeared to receive no action. The vertical edges were rounded off to varying 
degrees with the specimens run at higher frequencies having metal folded over the sides of 
the surfaces facing the action. Sides 2 and 4 which faced parallel to the direction of 
oscillation were virtually unchanged by the process (see drawing in Appendix A). Side 1 
received noticeably more smoothing than did side 3. The smoothing on sides 1 and 3 was not 
uniform over the entire surface with the lower portions of the specimens receiving less action 
than the upper portions. This phenomenon was more pronounced on side 3. 
Examination under a microscope revealed that most surfaces still possessed much of 
the initial machined finish. In fact, in only one case was the machined surface substantially 
eliminated. This was the specimen run at the highest frequency (see Figure 20). The 
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surfaces of sides 2 and 4 showed evidence of an action similar to that seen in experiment one, 
with some of the peaks folded over into the valleys and signs of erosion of the peaks. Sides 1 
and 3 showed some of this folding but the siufaces subjected to higher frequencies exhibited 
evidence of impacts by the pin points as well as evidence of localized plastic flow of the 
material. This can be seen in Figure 20. The dark pits are indentations caused by the impacts 
of the points of the pins. The larger, shallow gouges are most probably left by the edges of 
the angled ends of the pins. Much of the rest of this surface appears to have imdergone a 
great deal of plastic deformation. 
As mentioned previously, the largest reduction in 77 %, occurred at the highest 
vibratory frequency, 2770 RPM, and for a 15 minute run time with a .625in (15.8mm) 
clearance (see Figure 21). Note the change in scale between the profile tracings. Side 3 of 
Figure 20. 50x microphotograph of block 9, side 1; run 15 min at 96 Hz in .625in fixture. 
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Figure 21. Pre and post CP profiles of block 9, side 1: run at 2770 RPM for 15 minutes. 
this specimen which also faced perpendicular to the motion of the vibrations did not exhibit 
the same results (see Figure 22). For comparison. Figure 22 also shows the post CP profile 
of side 2 which faced parallel to the direction of vibration. The reduction in R, values on 
sides 2 and 4 ranged from 0 to .SS^m. In terms of a percentage of the original, these 
reductions were negligible. Table 6 shows the percentage reduction in R, for all four sides. 
Statistical analvsis 
The center points of the CCD, which were run at the same factor levels, had 
percentage R, reductions ranging from 5 to 11% for side 1 and from 1 to 10% for Side 3. 
Why such a large variation occurred on side 3 is not known. A paired t-test comparing the 
difference between the percentage R, reductions of sides 1 and 3 was performed and it 
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Figure 22. Post CP profiles of block 9, sides 3 and 2 : run at 2770 RPM for 15 minutes. 
revealed that there was a significant difference between the percentage R, reductions of side I 
and side 3 with the mean difiference being 8%. It appears that these differences increased at 
the higher firequencies. A t-test reveals that sides 2 and 4 received the same limited degree of 
finishing action. 
The plots of the main effects for sides 1 and 3 are shown below in Figures 23 and 24. 
For both sides the main effect of run time was limited. Vibratory frequency has a substantial 
effect on the degree of smoothing, with the relationship appearing to be exponential. 
Clearance seems to be a negligible factor on side 1 but may be significant on side 3. 
73 
Table 6. Post-Cascade Change Percentage R, for Experiment 3 
Rim Time 
(min) 
RPM Clearance 
(inches) 
Block # Sidel 
%R, 
Side 2 
%R. 
Side 3 
%R. 
Side 4 
%R, 
7.0 2500 .500 40 1% 0% 2% 0% 
23.0 2500 .500 36 1% 2% 0% 4% 
7.0 2700 .500 33 22% 0% 2% 0% 
23.0 2700 .500 14 50% 4% 12% 1% 
7.0 2500 .750 17 4% 2% 0% 0% 
23.0 2500 .750 21 1% 4% 1% 5% 
7.0 2700 .750 13 18% 2% 9% 0% 
23.0 2700 .750 38 35% 4% 22% 1% 
15.0 2600 .625 39 5% 2% 4% 5% 
15.0 2600 .625 34 7% 0% 5% 2% 
15.0 2600 .625 2 5% 0% 1% 0% 
15.0 2600 .625 15 5% 3% 10% 2% 
1.5 2600 .625 4 1% 0% 5% 0% 
28.5 2600 .625 3 9% 3% 9% 4% 
15.0 2430 .625 12 1% 0% 0% 0% 
15.0 2770 .625 9 77% 3% 43% 1% 
15.0 2600 .415 5 19% 1% 0% 8% 
15.0 2600 .835 16 17% 0% 10% 0% 
15.0 2600 .625 30 8% 1% 8% 2% 
15.0 2600 .625 37 11% 0% 2% 1% 
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Figure 23. Main effects plots for % reduction on side 1. 
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Figure 24. Main effects plots for % R, reduction on side 3. 
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For sides I and 3 the other response variables, R^, and P„ showed similarly 
significant percentage reductions. These reductions were three to five times greater tiian the 
percentage reductions in the R, values for the experimental runs that produced only limited 
amounts of smoothing, viz. the lower fi^quency runs. For the higher frequency runs that 
produced larger reductions in R, values the R^ R^„ and P, percentage reductions were 
slightly less than or about equal to the percentage reductions in R,. For sides 2 and 4, R^, 
R„„ and P, percentage reductions were significant, but much smaller than those of sides 1 and 
3. These observations indicate that the media did little but erode the peaks of the profiles at 
the lower frequencies and on the sides facing parallel to the direction of vibration. 
The material ratio measures showed significant, large percentage increases on sides 1 
and 3 ranging between 15 and 170%. Only the 2 or 3 surfaces which had 40 to 70+% 
reductions in R, values attained a centered or slight negative skew. This can be seen in 
Figure 25 which shows the pre- and post-CP material ratio curves of a specimen that 
exhibited a substantial change in the skew of the profile. 
Only on the block run at the highest frequency was there a significant change in the mean 
element width, S„. The S„ measure decreased from 961|im to 587nra. The range of S„ 
values also increased. Almost all of the pre-CP profiles had a uniform 961|im mean profile 
element width. The aforementioned block had S„ values that ranged from 694|im to 480|im. 
This is evidence of an obliteration of the initial machined surface as well as the difference in 
the smoothing action on the upper and lower portions of the blocks. 
Empirical models 
Due to the insignificant change in R, values on sides 2 and 4, empirical models were 
only attempted for sides 1 and 3 of the test specimens. Response surface regressions were 
run for linear, linear plus interactions, quadratic and full quadratic models. Best fit 
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Figure 25. Pre and post CP material ratio curves for block 9, side 1: run at 2770 RPM for 15 
minutes. 
backwards regressions were also run. The factors were coded to help eliminate any multi-
linearity. The response surface regressions, ANOVAs, etc. are given in Appendix E. The 
best fit models for the sides are shown below: 
Side 1. 
%R, = -11.9 + 4.1 • +17.5• e' - 5.28 - Y  +  e . O - X - Y - t 3.42 • Z '  
= 96% R-a^j = 95% J = 4.2 
77 
Side 3. 
= -43  +  2 .0X+83-e ' '  + 2 J - Z  +  2 . 8 - X - y  +  8 3 - y - Z  
= 90% = 86% s = 3.7 
Where X = coded run time, V = coded RPM and Z = coded clearance 
The model for side 1 gives good fit with the 95% R^ value while side 3 has an 
adequate fit with an R^ value of 86%. For side 3, run time had a level of significance greater 
than 5%, 6.2%, but was included in the model since its removal resulted in no acceptable 
model being found to fit the data. 
Experiment 4 
This experiment focused on the effects of run time and vibratory frequency without 
varying the fixture clearance. The small diameter ball media was used with vertically 
oriented specimens 
General observations 
Most of the specimens showed evidence of smoothing, with the original rough 
machined surface still clearly visible on all but a few of the specimens. The edges of the 
specimens that abutted the bottom of the fixture appeared to receive no action with the width 
of these edges approximately equal to the radius of the ball media. The vertical edges were 
rounded off to varying degrees with the specimens run at higher frequencies having metal 
folded over the sides of the surfaces facing the action. As in the third experiment, sides 2 and 
4 which faced parallel to the direction of oscillation were virtually unchanged by the process. 
Side 3 received noticeably more smoothing than did side 1. This finding is the opposite of 
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that observed in experiment three. Once again, the smoothing on sides 1 and 3 was not 
uniform over the entire surface with the lower portions of the specimens receiving less action 
than the upper portions. This phenomenon was more pronoxmced on side 1. 
Examination imder a microscope revealed that many siufaces still possessed much of 
the initial machined finish. The deep valleys and bottoms of the asperities were visible with 
clear evidence of an overlying peening action. The specimens run at the higher frequencies 
showed a greater degree of peening. Sides 2 and 4, and sides 1 and 3 run at the lower 
frequencies once again showed evidence of erosion and folding of the upper peaks of the 
surface profile. The specimen run at the highest frequency showed only traces of the original 
surface with an almost complete covering of peening craters (see Figure 26). 
The largest reduction in 74 %, occurred at the highest vibratory frequency, 96 Hz, with a 
15 minute run time on side 3 which faced the rear of the fixture (see Figure 27). Side I of 
this specimen which also faced perpendicular to the motion of the vibrations did not yield the 
same results. Although the percent reduction in was 63%, there was noticeably more of 
the initial surface remaining than for side 3. The percentage reduction in R, values for sides 
1 and 3 are shown in Table 7. 
Statistical analvsis 
The center points of the CCD, which were run at the same factor levels, showed 
evidence of the process being very repeatable with percentage R, reductions ranging from 40 
to 42% for side 3. Side 1, however, exhibited a wider variation in the process, with center 
point reductions ranging from 28 to 36%. Why such a large variation occurred on side 1 is 
not known but it may be related to the decreased amount of smoothing vis a vis side 3. A 
paired t-test comparing the difference between the percentage R, reductions of sides 3 and 1 
was performed and it revealed that there was a significant difference between the percentage 
Ra reductions of side 3 and side 1 with the mean difference being 9.5%. 
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Figure 26. 50x microphotograph of block 1, side 3: run 15 min at 96 Hz in .5in fixture. 
R, = 6.1|am | = 5|im — = 500^ni 
R, = 1.5fj.m I = 5|im — = 500|im 
Figure 27. Pre and post CP profiles of block 1, side 3: run at 96 Hz for 15 minutes. 
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Table 7. Post-Cascade Change Percentage R, for Experiment 4 
RunTime 
(min) 
Hz Block# Sidel 
%R, 
Side 3 
%R, 
7.0 87.5 28 6% 13% 
23.0 87.5 29 17% 30% 
7.0 94.5 24 33% 41% 
23.0 94.5 11 67% 73% 
3.7 91 10 11% 14% 
26.3 91 7 42% 59% 
15.0 86 4 9% 17% 
15.0 96 1 63% 74% 
15.0 91 22 33% 40% 
15.0 91 18 36% 42% 
15.0 91 32 30% 42% 
15.0 91 8 30% 41% 
15.0 91 31 28% 41% 
The plots of the main effects for sides 1 and 3 are shown below in Figures 28 and 29. 
The main effects plots of the actual post-cascade measures followed similar trends. It 
appears that for both sides the main effects of nm time and vibratory frequency are 
significant. Note that this experiment did not include fixture clearance as a variable. All runs 
were made in the .5in (12.5mm) fixture. 
For sides 1 and 3 the response variables and P„ showed significant percentage 
reductions. These were 5 to 11% greater than the percentage reductions in R, values for the 
experimental runs at the lower firequencies and 0 to 15% lower for the higher firequency nms. 
This would indicate that at lower firequencies only the peaks of the profile elements were 
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Figure 28. Main effects plots for % R, reduction on side 1. 
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Figure 29. Main effects plots for % R, reduction on side 3. 
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affected by the media. The material ratio measures showed significant, large percentage 
increases on sides 1 and 3 ranging between 20 and 120%. However, none of the post CP 
material ratio curves showed negatively skewed surfaces. 
The waviness height values, did not significantly change on side 1 but they 
increased on side 3. This may be due to the fact that the waviness heights were only 5 to 
10% percent of the profile heights and the long term elements of the surface were obscured 
by the much larger changes in the heights of the short term profile elements, but it is more 
likely that the peening action was more intense in different areas creating longer term profile 
elements. 
Only the specimen nm at the highest frequency exhibited a reduction in the mean 
profile element width, S„, from the uniform 961|im mean profile element vwdth of the pre CP 
profile. The S„ in this case was 837iim with a range of 11 Ijim. 
Empirical models 
Response surface regressions were run for linear, linear plus interactions, quadratic 
and fiill quadratic models. The factors were coded to help eliminate any multi-linearity. The 
response surface regressions, ANOVAs, etc. are given in Appendix E. The best fit models 
for sides 1 and 3 are given below; 
Side 1. 
VoR^ = 31.4 - 2.6Z' +1 l.l • ^ + 2.2 • r' 4-19.2 • r + 5.7.X- y 
= 99% R^adi = 98.4 ^ = 2.4 
Side 3. 
VoR^ = 41.2 - 2.8 • +14.1 • ^ +18.9 • 7 + 3.7 • ^ • r 
R^ =99% R^adj=9%2 s = 2.9 
Where X = coded run time, Y = coded Hz 
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The models for both sides 1 and 3 are good fits with 98+% values. Figures 30 and 
31 show the contour plots based on these models. The imits displayed on the axes are the 
coded run time and vibratory fi^quency values. The contour levels represent the expected 
percentage reductions in the original R, values. Attempts to find optimal parameter settings 
for these models revealed that there were no stationary points within the ranges of the 
variables studied. 
It should be noted that there was one data point from side 1 which was flagged by the 
residual plots (see Appendix E). This was the 36% reduction on one of the center points. 
Given that this was a center point and not a critical comer or star point it should not affect the 
validity of the model. The nomial plot of the residuals is more of a concem in this case. 
1-5 -I 
-1.5 -I 
-1.5 -0.5 0.5 1.5 
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Figure 30. Contour plots for % R, reduction of side 1 based on full quadratic model. 
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Figure 31. Contour plots for % R, reduction of side 3 based on best fit model. 
Experiment 5 
This experiment investigated the use of the large diameter ball media to contrast the 
results with those seen in Experiment 4. The initial roughness ranged fi-om 6 to 5.5nm. 
General observations 
As with the previous two experiments, the edges of the specimens that abutted the 
bottom of the fixture appeared to have received no action, with the widths of these edges 
being approximately equal to the radius of the ball media. The vertical edges were rounded 
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off to varying degrees with the specimens run for longer than 15 minutes while the specimen 
run at the highest frequency had metal folded over the sides of the surfaces facmg the action. 
Once again, sides 2 and 4 which faced parallel to the direction of oscillation were virtually 
unchanged by the process. Side 3 had noticeably more peening than did side 1 with the 
amount of peening varying over the surface with the lower portions of the specimens 
receiving less action than the upper portions. This phenomenon was more pronounced on 
side 1. Examination imder a microscope revealed that the surfaces of specimens run for less 
than 15 minutes had the deep valleys left by the machining and bottoms of the asperities still 
visible with clear evidence of an overlying peening action. Specimens run for longer than 15 
minutes were completely covered with peening craters. The specimen run at the highest 
frequency showed evidence of a more intense peening with deeper craters, but with thinner 
crests between the craters (see Figure 32). The discrepancy between the actions on sides 1 
and 3 was most apparent on the blocks run for shorter lengths of time. Side 1 of the 
specimens show evidence of a gentler peening action, even for the block run at the highest 
frequency (see Figure 33). The largest reduction in 81%, occurred at the 25 minute run 
time at a frequency of 94.5 Hz (see Figure 34). Note the change in scale between the profile 
tracings. Figure 34 also shows the profile of a tracing taken in the transverse direction. 
The percentage reductions in R, are shown in Table 8. 
Statistical analvsis 
To verify the observations presented earlier, a paired t-test comparing the difference 
between the percentage R, reductions of sides 3 and 1 was performed and it showed that there 
was indeed a significant difference between the percentage R, reduction of side 3 and that of 
side 1 with the mean difference being 7%. This is illustrated in Figure 35 which shows the 
post-CP profiles for side 1 and side 3 of the specimen run at 96 Hz. The plots of run time 
and vibratory frequency vs. the percentage reduction in R, for sides 1 and 3 are shown below 
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Figure 32. 50x microphotograph of block 27, side 3; run 25 min at 94.5Hz in .5in fixture. 
Figure 33. 50x microphotograph of block 21, side 1; run 15 min at 96Hz in .5in fixture. 
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Figure 34. Pre, post and transverse profiles of block 27, side 3: run at 94.5 Hz for 25 min. 
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Table 8. Post-Cascade Change Percentage R, for Experiment 5 
RunTime 
(min) 
Hz Block # Side 1 
%R. 
Side 3 
%R. 
3 94.5 6 30% 40% 
5 94.5 26 38% 50% 
10 94.5 23 61% 70% 
15 94.5 25 68% 74% 
20 94.5 19 77% 80% 
25 94.5 27 81% 80% 
15 91.0 20 53% 69% 
15 96.0 21 74% 76% 
R, = 1.47|iin I = 5|ani — = 500|iin 
R, = 1.67|im I = 5|im — = 500|im 
Figure 35. Post CP profiles of block 21, sides 3 and I: Run at 96 Hz for 15 minutes. 
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in Figures 36,37, 38 and 39. For both sides, run time and vibratory frequency were both 
significant factors, although the effect of frequency was limited for side 3. Note that this 
experiment did not include clearance as a variable. All runs were made in the .Sin (12.5mm) 
fixture. 
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Figure 36. Run Time vs. Reduction in Rg: Side 1. 
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Figure 37. Run Time vs. Reduction in R^: Side 3. 
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Figiire 38. Vibratory Frequency vs. Reduction in Rg; Side 1. 
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Figure 39. Vibratory Frequency vs. Reduction in Rg: Side 3. 
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The other response variables, Rj, R„„ and showed significant percentage 
reductions. These were generally smaller than the changes in the R, values and would 
indicate that while the surfaces did become smoother, the resulting surface profiles had 
proportionately higher peaks and lower valleys than the original machined surfaces. The 
peening craters exhibited in the figures presented previously would produce such profiles. 
The material ratio measures showed significant, large percentage increases on sides 1 
and 3 ranging between 20 and 160%. There was a significant difference between the 
percentage increase in the measure on sides 1 and 3 with side 1 showing on average a 
23% greater increase. 
The W, values showed large significant percentage increases on both sides 1 and 3 
with side 3 having an average 107% greater increase in W, than side 1. Upon closer 
inspection of the post-CP profiles, it became clear that selected areas received a greater 
amount of peening than others. (See the center of the post-CP tracing in Figure 34.) This 
would account for the increases in waviness heights since the areas which received more 
peening action were indented while the surfaces receiving less peening action were not, 
causing a long term profile element to be created. 
There were significant changes in the mean element width, S^,, on the specimens that 
were run for longer than 10 minutes with the specimens run for 20 and 25 minutes showing 
the greatest reduction, (e.g. 961nm to 555^m). Side 3 appeared to experience greater 
changes in S^, values but there are not enough data points to determine whether the difference 
is statistically significant. Smaller mean element widths would indicate that the original 
surface was completely obliterated. The smallest S„ value was approximately 33% of the 
radius of the ball media. 
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Experiment 6 
This experiment investigated the effects of initial surface roughness. Initial 
roughnesses were 2.6 to 2.3jim and run with the same media and orientation as Experiment 5. 
General observations 
Side 3 experienced noticeably more peening than did side 1 with the amoimt peening 
varying over the surface with the lower portions of the specimens receiving less action than 
the upper portions. 
Examination under a microscope revealed that the surfaces of specimens run for less 
than 15 minutes had the deep valleys produced by the machining and bottoms of the 
asperities still visible with clear evidence of an overlying peening action. Specimens run for 
15 minutes or more appeared to have little of the original machined surfaces remaining. 
Figure 40. 50x microphotograph of block 51, side 1; run 15 min at 87 Hz in .5in fixture. 
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After 20 minutes of run time, the surface on side 3 was completely covered with 
peening craters which created a random profile. The specimen run at the highest frequency 
(96 Hz) showed evidence of an intense peening with deeper craters, while the lower 
frequency run (87 Hz) resulted in far less peening action (see Figures 40 and 41). The 
discrepancy between the actions on sides 1 and 3 was most apparent on the blocks run for 
shorter lengths of time, with side 1 of the specimens showing evidence of a gentler peening 
action. The largest reduction in 63%, occurred at the 15 and 20 minute nm times at a 
frequency of 91 Hz (see Figure 42). Figure 42 also shows the profile of a tracing taken in the 
transverse direction. 
The percentage reduction in values for sides 1 and 3 are shown in Table 9. 
Figure 41. 50x microphotograph of block 49, side 1; run 15 min at 96 Hz in .5in fixture. 
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= 5|im — = SOO^m 
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I = 5)am — = SOOum Rj = \21\ivc\. 
Figure 42. Pre, post and transverse profiles of block 49, side 3: run at 96 Hz for 15 min. 
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Table 9. Post-Cascade Change Percentage R, for Experiment 6 
RunTime 
(min) 
Hz Block# Side 1 
%R, 
Side 3 
%R, 
3 91.0 41 34% 37% 
5 91.0 53 31% 50% 
10 91.0 52 51% 50% 
15 91.0 45 50% 63% 
20 91.0 47 62% 63% 
15 87.0 51 48% 52% 
15 94.5 56 54% 51% 
15 96.0 49 40% 31% 
Statistical analysis 
A paired t-test comparing the difference between the percentage R, reductions of sides 
3 and 1 was performed and it revealed that there was no significant difference between the 
percentage R, reduction of side 3 and side 1. This is despite an average 5% difference 
between the measures on each side. 
The plots of run time and vibratory firequency vs. the percentage reduction in R, for 
sides 1 and 3 are shown below in Figures 43,44,45 and 46. It appears that for both sides, 
run time and vibratory frequency are significant factors. All runs were made in the .5 in 
(12.5mm) fixture. 
For sides 1 and 3 the other response variables, R^, R„„ and P„ showed significant 
percentage reductions. The R^ R„^„ and Pe percentage reductions varied from those of the R, 
values. Several specimens which underwent substantial smoothing exhibited surface profiles 
which had proportionately higher peaks and lower valleys than the original machined 
surfaces. The peening craters seen previously would produce such profiles. 
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The material ratio measures showed significant, large percentage increases on sides 1 
and 3 ranging between 30 and 170% with the exception of one specimen, #49, which was run 
at 96Hz. This specimen actually showed a decrease in the measure with side 3 indicating 
an 8% decrease. This was probably due to the fact that the siuface was intensely peened with 
deep craters. 
There were significant increases in the mean element width, S„. A t-test revealed that 
side 3 showed an average 26% greater increase in profile element width than did side 1. The 
smallest increase was foimd on side 1 of the specimen run at 96Hz. In this case, the value 
increased firom 376|im to 545fim. This post-CP S„ value was approximately equal to 33% of 
the radius of the ball media and was nearly equal to the smallest S„ values observed during 
the previous experiment. The runs at lower times and firequencies showed the largest 
increase in profile element width. This is due to the fact that as the finer asperities of the 
profile (see Figure 42, pre-CP) are removed, the deep valleys determine the new width of the 
asperities. Since these deeper valleys were spaced farther apart than the finer asperities, the 
% Reduction in Ra vs Time Side 1 
10.0 
Time (min) 
20.0 
Figure 43. Run Time vs. Reduction in R^: Side 1. 
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% Reduction in Ra vs Time Side 3 
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Figiire 44. Run Time vs. Reduction in R^: Side 3. 
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Figure 45. Vibratory Frequency vs. Reduction in R^: Side 1. 
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HZ 
Figure 46. Vibratory Frequency vs. Reduction in R,; Side 3. 
S„ values showed an increase. For the specimens that received more finishing action, the 
thinner asperities were also removed, but the peening action created its own profile elements 
that over-Iayed the elements defined by the deeper valleys (again, see Figure 42). 
Experiment 7 
This experiment investigated the effects of using the pin media on specimens with 
initial roughnesses of 3.1 to 2.9(im, and the repeatability of CP under these conditions. 
General observations 
There was little evidence of the plastic deformation of the sxirfaces as was observed 
with the previous experiments which used ball media. Side 1 had noticeably smoother 
sxufaces than did side 3 with the amount of smoothing varying over the surface with the 
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lower portions of.the specimens receiving less action than the upper portions. Sides 2 and 4 
which faced parallel to the vibratory motion appeared to be only slightly smoothed. 
Examination under a microscope revealed that all of the siufaces of the specimens had 
deep valleys and that the bottoms of the asperities were still visible with few of the thinner 
asperities remaining. The specimens run for 15 minutes or longer showed more evidence of 
indentations and deformation of the surface caused by the points and edges of the pin media. 
This is illustrated in Figure 47. The dark circles and ovals are indentations and the line 
running down the center is the vertex of a valley produced by the initial machining. It 
appears that the surfaces were mainly smoothed by an erosion, or shearing off of, the thinner 
asperities. 
The largest reduction in 45%, occurred during the 25 minute run time on side 1 
(see Figure 48). This figure clearly shows the removal of the finer asperities and the limited 
amount of deformation of the surface. 
Figure 47. 50x microphotograph of block 48, side 3; run 30 min at 2600 RPM. 
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R, = 3.1^1111 I = 5|am — = 500nm 
Ra= 1.70|j.m I = 5|im — = 500|ini 
Figure 48. Pre- and post- CP profiles of block 55, side 1: run at 2600 RPM for 25 min. 
The percentage reduction in values for sides 1,2, 3 and 4 are shown in Table 10. 
The reductions in on sides 2 and 4 were more or less random. Note the three replications 
at the 15 minute run time. These indicate that there was a large variation in the percent R, 
reductions for the runs made at identical factor levels. For the given level of surface 
smoothing the process does not appear to be very repeatable. 
Statistical analysis 
To verify the observations presented earlier, a paired t-test comparing the difference 
between the percentage R^ reductions of sides 3 and 1 was performed and it showed there was 
a significant difference between the percentage R^ reduction of side 1 and side 3, with an 
average 8% greater reduction on side 1. 
The plots of run time vs. the percentage reduction in R, for sides I and 3 are shown 
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Table 10. Post-Cascade Change Percentage R, for Experiment 7 
RunTime 
(min) 
RPM Block# Side! 
%R. 
Side 2 
%R, 
Side 3 
%R. 
Side 4 
%El. 
5 2600 41 32% 6% 21% 7% 
10 2600 53 31% 9% 22% 3% 
15 2600 52 30% 4% 25% 5% 
15 2600 45 28% 10% 23% 8% 
15 2600 47 37% 13% 28% 8% 
20 2600 51 34% 4% 28% 6% 
25 2600 56 45% 11% 24% 4% 
30 2600 49 39% 14% 40% 8% 
below in Figures 49, and 50. 
The other response variables, R„ and P„ showed significant percentage 
reductions for sides 1 and 3. As with the R, values, there were differences between the 
percentage changes between sides 1 and 3. These differences indicate that side 1 received a 
more aggressive smoothing action and that the deep valleys still remained. 
The material ratio measures showed significant, large percentage increases on sides 1 
and 3 ranging between 115 and 220%. These changes in the measures again indicate that 
the highest peaks of the profiles were removed. Most of the post CP material ratio curves 
displayed negatively skewed surfaces due to the remaining deep valleys. 
There were significant increases, 45 to 180%, in the mean element width, S„. for all 
of the specimens. The post-CP S„ values ranged from 680)im for the specimen run for 5 
minutes to 961|im for the specimens run for 25 to 30 minutes. These increases are due to the 
fact that as the finer asperities of the profiles (see Figure 48, pre-CP) are removed, the deep 
valleys determine the new, larger width of the asperities. 
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Empirical models 
Response surface regressions revealed that a quadratic relationship between run time 
and reductions in R, existed for side 1 and 3. The regression equations had very low R^, 42 
and 61%, values and relatively high s values. These cast doubt on the validity of the models. 
Given the large variance between the replicated runs this was expected. 
Other observations 
There was a slight difference in the pre- and post-CP weights of the specimens run for 
15 minutes or longer. These differences were between .1 and .2 grams and indicate that the 
surface smoothing described above was due in part to an erosion and/or shearing of the 
thinner asperities. 
45 -
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Figure 49. Main effects plots for % R, reduction on side 1. 
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Figure 50. Main effects plots for % R, reduction on side 3. 
Experiment 8 
This experiment investigated the effects of initial surfaces with thin or fine asperities. 
Both the pin and large ball media were used. 
General observations 
This experiment was run to help confirm the observations made earlier that thinner 
asperities are removed or plastically deformed in shorter times and at lower vibratory 
frequencies. The specimens run for 15 and 20 minutes in the pin media showed a very 
different surface topography than the pre-CP surface or the surface after 5 minutes of 
processing. A microscope revealed that the longer run times produced surfaces which 
displayed no evidence of the initial machined surface and which had many impact craters and 
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indentations. The specimen mn for 20 minutes appeared to have more and deeper craters. 
Figure 51 shows the profile tracings of the surface pre-CP, and after 5,15 and 20 minutes of 
run time. In these three specimens, discrepancies between the sides facing forwards and 
backwards were difficult to discern. 
R, = 2.4|im I = 5{am — = SOOjam 
R, = .84{im 1 = 5|im — = SOO^im 
R, = .56|am | = S^m — = 500|im 
Rg = 1.2^m I = 5|am — = 500|am 
Figure 51. Pre-CP and post 5,15 and 20 minute profiles run at 2700 RPM with pins. 
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The three specimens run in the l/8in (3.18mm) ball media at 87, 91 and 94.5Hz 
displayed little if any of the original machined surface. Even at the 87Hz level, the asperities 
were no longer in evidence. At the highest frequency, 94.5Hz, the impact craters appeared to 
be deeper and the surfaces facing forward and backward were both entirely covered with 
craters. Material was folded over the edges of the blocks producing a thin "foil" of material. 
The difference between the size of the impact craters between 87 and 94.5 Hz can be seen by 
comparing Figures 52 and 53. The smoothest surface was obtained at the lowest frequency 
due to the relatively shallow craters (see Figure 54). 
An interesting observation was made on the block run at 94.5Hz. On all but one of 
the surfaces facing parallel to the finishing action there was, once again, only evidence of a 
slight erosion of the tips of the asperities. However, for an inexplicable reason one of the 
Figure 52. 50x microphotograph of block L-38, side 3; run 10 min at 87 Hz. 
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Figure 53. 50x microphotograph of block L-24, side 3; run 10 min at 94.5 Hz. 
Rg = 2.8|im I = 5|im — = 250|im 
f 
i 
I 
R3 = .41|am | = 5(im — = 250{im 
Figure 54. Pre- and post-CP profiles of block 38, side 3: run at 87 Hz for 10 minutes. 
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parallel facing sides, #4, run at 94.5 Hz was substantially smoothed on the upper 20mm of 
the surface (see Figure 55). Under the microscope it appeared that there were a few peening 
marks but that most of the asperities were rubbed off and the surface was somewhat 
burnished. The percentage reduction in R, values for sides 1 and 3 are shown in Table 11. 
R,= 1.4nm I = 5^im — = 250^m 
/ y 
Rj = .47j4.m I = 5|im — = 250|j,m 
Figure 55. Post-CP profiles of block 24, sides 3 and 4: run at 94.5 Hz for 10 minutes. 
Table 11. Post-Cascade Change Percentage for Experiment 8 
RunTime 
(min) 
RPM/Hz Media Block # Side 1 
%R. 
Side 3 
%R. 
5 2700 Pins L-49 64% 67% 
15 2700 Pins L-16 76% 68% 
20 2700 Pins L-53 50% 69% 
10 87.0 l/8in balls LOS 81% 82% 
10 91.0 l/8in balls L-15 84% 80% 
10 94.5 l/8in balls L-24 63% 49% 
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Statistical analysis 
The plot of run time vs. the percentage reduction in R, for the blocks run with pin 
media and the plot of vibratory frequency vs. the actual post-CP R, values for the blocks run 
with ball media are shown below in Figures 56 and 57. 
The other response variables, R,, and P„ followed the same trends as those for the R, 
values with the surfaces showing deeper craters and divots having larger R^^ R^„ and P, 
values. The R^, and R^ values were greater for the surfaces nm in the pins, e.g. the 
maximum R^ value was 8.5|im for the pins vs. a maximum R^ value of 4.5fam for the balls. 
This would indicate, as expected, that the pin points produce deeper craters than do the balls. 
The material ratio measures showed significant, large percentage increases for all but 
the specimen nm in the pins for 20 minutes. In this case, the value actually decreased. 
The surfaces with the rougher surfaces actually exhibited material ratio curves which were 
slightly negatively skewed. The smoother surfaces had slightly positive or neutral curves. 
The three blocks run in the pin media showed significant increases in the mean 
% Reduction in Ra vs Time Side 1 
15.0 
Time (min) 
20.0 
Figure 56. Run Time vs. Reduction in R,: Side 1. 
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Post CP Actual Ra values vs HZ Side 3 
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Figures?. Vibratory Frequency vs. actual post-CP R, values: Side 3. 
element width, S^,, with the longer run times producing wider profile elements on side I. S„ 
values ranged from 334^im to 322}im for side 3. For the ball media, the post -CP Sn, 
measures ranged from 356 to 394fim. These post-CP S„ values were approximately 23% of 
the radius of the ball media. (This percentage is smaller than the S„ values seen in the 
previous experiment ,33%, which used the same l/8in (3.18mm) ball media.) 
Other observations 
The specimens nm in the pin media for 15 and 20 minutes showed a slight difference 
in pre- and post-CP weight of at least .1 gram. This would indicate that the pin media 
removes material by shearing and/or eroding the profile elements. 
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Experiment 9 
This experiment investigated the use of a two step process to smooth parts. Several 
specimens which were previously run in the abrasive media were re-run in the small ball 
media. Both the vertical and horizontals orientations were used. 
General observations 
On the sides perpendicular to the vibratory motion, the vertically oriented blocks 
showed the same evidence of peening that the previous experiments produced (see Figure 
58.) The existing ground surfaces were replaced with cratered surfaces and only very faint 
traces of the pits and scratches of the abrasive action remained. Specimens run for longer 
periods of time showed a more complete covering of craters. The sides facing parallel to the 
motion were highly burnished with a near mirror finish. With one exception, the horizontally 
oriented specimens were also burnished with only the deepest scratches and pits produced by 
the abrasive media being visible. By comparing Figure 59 with Figure 7 it can be seen that 
the directional surface left by the grinding action of the abrasives was removed. The upward 
facing surface on the block run for 15 minutes at 94Hz showed evidence of a light peening 
near the back portion of the specimen. This was unexpected as this surface was parallel to 
the direction of oscillation. The peened surfaces showed an increase in R, values while the 
surfaces subjected to the burnishing action became smoother. Figure 60 shows the post-
abrasive profile tracing and the post-ball tracing for a surface which was peened. The craters 
are evident and they appear to change in size over the 5.6mm of the tracing length indicating 
a non-uniformity in the peening intensity. 
The smoothest surface attained was .15(mi. This occurred on side 4 of the block run 
horizontally for 15 minutes at 90.5Hz. Figure 61 compares the post-abrasive and post ball 
profiles at two different vertical magnifications. The higher magnification clearly shows that 
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Figure 58. 50x microphotograph of block 51, side 1; run 10 min at 90.5 Hz, 
Figure 59. 400x microphotograph of block L-1, side 1; run 15 min at 90.5Hz. 
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R, = .45|im i = 5|iin — = 250nm 
R,= .57nm I = 5fim — = 250|im 
Figure 60. Pre- and post-CP profiles of block 51, side 3: run at 90.5 Hz for 10 minutes. 
the peaks left by the grinding were flattened. The percentage reduction in values for ail 
four sides are shown in Table 12. 
Statistical analysis 
A paired t-test revealed that there was no significant difference between the 
percentage reduction of sides 1 and 3. It is difficult to determine whether this was due to 
the fact that the surfaces received the same degree of peening or if the measurement error 
included in the low measurements skewed the results. There was a significant difference 
between the amounts of smoothing on sides 2 and 4 which were subjected to a burnishing 
action. This was most likely due to the difference in the post-abrasive profiles. 
Even though there were substantial differences in percentage changes in R, values, the 
actual Ra measures themselves did not differ widely on sides 1 and 3. The measures ranged 
from .49|am to .59|j.m for side 3 and from .45|am to .6|im for side 1 and most of the values 
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R, = .26nin i = 5|im — = 250|im 
R, = .15|im | = 5nin — = 250nm 
R, = .26|am | = l|am — = 250|im 
R, = .15^m l = lnin — = 250|am 
Figure 61. Post-abrasive post-ball profiles of block 1, side 4: run at 90.5Hz for 15 min. 
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Table 12. Post-Cascade Change Percentage R, for Experiment 9 
Run Time 
(min) 
Hz Block# Side I 
%R. 
Side 2 
%R. 
Side 3 
%R, 
Side 4 
%R. 
3 90.5 L-52 -21% 15% -24% 25% 
5 90.5 L-47 -42% 20% -26% 36% 
10 90.5 L-51 -29% 31% -32% 36% 
15 90.5 L-54 -44% 21% 32% 40% 
20 90.5 L-28 -16% 15% 7% 43% 
25 90.5 L-58 -24% 39% -44% 39% 
15 94.0 L-4' -22% 15% 28% 24% 
15 90.5 L-l'' 23% 26% 38% 30% 
These specimens were run horizontally with side 1 facing up. 
lay within the range of the ±.03|im measurement error. For this reason, no plots of run time 
vs. the percentage reduction in R, are shown. The situation is similar for sides 2 and 4 where 
actual R, values ranged from .26^m to .35|im for side 2 and from .26(am to .36|im for side 4. 
In this case, the higher R^ values appeared on the block nm for 3 minutes but the other values 
did not follow any pattern with regard to run time. 
While the R, values showed an increase for sides 1 and 3 after burnishing, the other 
response variables, R^, Rn,„ and P„ showed significant percentage reductions. It was 
expected that these measures would also increase as the peening craters created high peaks 
compared to the ground surface. It is likely, however, that while the overall roughness 
increased with the peening, the valleys and deep scratches left by the abrasives were removed 
and therefore the R^, R„„ and P, values decreased. Sides 2 and 4 also showed general 
decreases in the R^, R^ and P, measures. 
However, the material ratio measures showed significant, large percentage decreases 
on sides 1 and 3 ranging between 15 and 56% This was caused by the fact that the 
115 
measures of the abraded surfaces were often over 90% and the creation of peaks by the 
peening reduced the high initial values. Since sides 2 and 4 were not exposed to the 
peening, their material ratio measures increased between 13 and 54%. The material ratio 
curves for the burnished surfaces showed a negatively skewed surface with very few peaks 
and a few deep valleys. 
The mean element width, S„ was found to be approximately 300nm for sides 1 and 3 
and 159 to 184^m for sides 2 and 4. It is evident that the peening action increased the width 
of the profile elements by cratering the surface. On sides 1 and 3 the post-CP Sn, values were 
approximately 25% of the radius of the 3/64in (1.19mm) ball media. There was no 
significant relationship between the change in the values and time. 
Other observations 
The micro-hardness values of blocks were also measured. The results appear in Table 
13. These were the same blocks that had their hardness tested after being run in the abrasive 
media. These changes indicate that the micro-hardness values actually decreased after being 
run in the steel ball media. The sides of the vertically oriented specimens which faced the 
peening action of the media had decreases in Hv values of 9 to 19%, while the surfaces that 
faced away from the peening action and the horizontally oriented blocks showed decreases of 
0 to 7% from the abraded surface micro-hardness. They did, however, remain above the 
nominal 220 Hv of the pre-cascade blocks. 
It should be noted that when initial loads of 10 grams were used to take the micro-
hardness tests the Hv values increased to approximately 600. This may be an indication that 
at the very top surface layers substantial work hardening occurred. Another explanation is 
that the measurement error was greatly magnified with the shallower penetration depth and 
that these readings were unreliable. 
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Table 13. Post-Cascade Micro-Hardness Measures for Select Specimens 
Block# Side Micro-Hardness Hv 1kg load % Change in Micro-Hardness 
L-52 1 234 •19% 
L-47 1 247 -15% 
L-54 1 251 -13% 
L.54 2 287 -1% 
L-28 1 245 -9% 
L-58 1 240 -18% 
L-58 2 271 -7% 
L-1' 2 265 -2% 
L-I 4 279 0% 
L-4' 1 275 -7% 
L-4 4 275 -7% 
* These specimens were run horizontally with side 1 facing up. 
Experiment 10 
This experiment investigated the degree of residual compressive stresses imparted by 
CP. Almen strips were run in both the pin and ball media in a special fixture. 
Results of Almen strip tests 
After processing, the arc heights of the Almen strips were measured on an electronic 
Almen Gage. These results are shown in Table 14. The arc heights shown in the table are 
much lower than those which normally result from shot peening, these being usually in the 
range of .008 to .0224 for the A strip. This is another indication that the peening action of 
CP is much less intense than shot peening. The table also illustrates that the balls produce 
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arc heights three to four times the size of those produced by the pins. This is probably due to 
the fact that the pins impact the surface with line contact a high percentage of the time and 
therefore have lower specific pressures which do not deform the surface as much as the balls 
which impact with a point contact 
Another interesting fact presented in this data is that the arc height measurements 
attained on the N size strips run in the ball media were approximately equal to the arc heights 
seen in the peening experiments performed by Loersch and Neal^' which used gravity to 
accelerate the steel shot. 
Table 14. Almen Strip Arc Heights 
Run Time 
(min) 
Media Strip # Arc Height 
Inches 
5 Pins A-1 .0010 
10 Pins A-2 .0015 
15 Pins A-3 .0018 
15 Pins A-4 .0013 
5 Pins N-5 .0018 
10 Pins N-6 .0034 
15 Pins N-7 .0027 
5 Balls N-8 .0096 
10 Balls N-9 .0120 
15 Bails N-IO .0170 
10 Balls A-11 .0060 
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Other Experimental Observations 
During the course of these experiments several imrelated but interesting observations 
were made. 
Induced magnetism 
Employees of the company which markets the CP machines (lEPC) noticed that swarf 
and metal debris would sometimes stick to ferrous parts after processing. It appears that 
some parts acquire a slight magnetism after processing. This observation is similar to that 
cited in the paper by Waterhouse^® which states that an increase in magnetic flux and coercive 
force are observed after shot peening. It is hypothesized that this is due to an increase in 
disorder caused by the cold working of the material. If this is, in fact, what is happening with 
the parts run on the CP, it may be necessary to de-Gauss the parts that are required to have all 
debris removed from internal surfaces. Otherwise metal shards would remain stuck to the 
internal passageways and cause excessive wear when parts are put into service. 
Corrosion resistance 
The liquid cleaning compound used in the CP contains rust inhibitors which prevent 
corrosion from taking place. There also appears to be another corrosion resistance effect 
resulting from the process. Grey and ductile iron parts which are run for an hour or longer 
develop a very shiny surface which is very rust resistant. Parts processed as long as 3 years 
ago have not developed rust on the areas exposed to the cascade action. It is not clear why 
this occurs, but it may be due to the fact that the smooth surfaces have fewer places for 
corrosion to begin. It may also be due to some chemical change which occurs on the surface 
of the iron castings. This strange phenomenon needs further study. 
119 
IV DISCUSSION OF RESULTS AND CONCLUSIONS 
Discussion of Results 
Introduction 
This section summarizes and discusses the experimental results as they relate to the 
seven focus areas outlined in the introduction. References will be made to the experimental 
evidence presented in the previous section. 
The surface textures produced bv CP 
Several different types of surface profiles were produced by the process. The abrasive 
media produced, as expected, directional surfaces similar to the type produced by grinding 
with smooth, matte finishes as fine as .27yLm R, being attained when the initial machined 
surfaces were removed. The highly directional surfaces produced by CP set it apart from 
most other "mass" finishing processes which usually produce randomly abraded surfaces. 
These surfaces were able to be further smoothed by re-running the abraded specimens in the 
ball media. In the best cases, mirror-like surfaces between .15 and .20^m R^ were produced. 
These surfaces had very few peaks remaining and only traces of the deeper scratches left by 
the abrasives. 
The ball media produced a cratered texture on the surfaces perpendicular to the 
direction of oscillation. The topography of these surfaces differed greatly depending on how 
much of the initial machined surface was removed. In some cases the initial asperities were 
obliterated and replaced by a completely cratered surface. These were smoother than the 
cratered surfaces usually produced by shot peening with R, values ranging from 1.5 to .49|am 
Rj for the CP and typical shot peening R, values ranging from 2 to 3(uii. This indicates that 
the impact velocities of the media in CP are much lower than those encountered in standard 
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shot peening practice. These surfaces were generally not unifonnly peened over the entire 
surface. Experimental evidence reveals that the intensity of the peening differed over the 
same surface, with the upper portions of the specimens having more and deeper peening 
craters. Heavily peened surfaces generally had increases in the long term profile elements 
heights, W„ which would indicate that the peening action was more intense in some areas of 
the surfaces than in others. 
Many of the specimens however, were not completely cratered. The traces of the 
initial machined surfaces remained and there was a definite directionality to the lay. The 
thicker bases of the asperities were usually left with the peaks peened down. In some cases 
there was little evidence of the media reaching into the valleys between the larger asperities. 
The more aggressive peening actions, those produced by the higher fi-equencies, were 
able to reduce R, values firom 6.1 \im to 1.5|im while obliterating the existing surface. Only 
on these surfaces showing a completely cratered profile were there any changes in the mean 
element profile widths, S„, The S„ measures either increased or decreased, depending on the 
initial surface profile. 
Based on the observations of these peened surfaces it can be assumed that the ball 
media impacted the surfaces at high angles of incidence. No surfaces with plates and dune 
like topographies associated with low impact angles, as described by Verpoort and Gerdes," 
were in evidence. 
The surfaces facing perpendicular to the direction of vibrations and run in the pin 
media were marked with irregular divots and deep pits produced by the angled edges and 
points of the pins impacting the surface. The surfaces processed at the higher RPM levels 
under went substantial localized plastic flow with some material being folded over the edge 
of the specimens. These surfaces were also non-uniformly peened. 
Surfaces subjected to the mild eroding action, those which were facing parallel to the 
direction of vibrations and run in the pin media, exhibited only a eroding, shearing or folding 
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over of the thinnest asperity peaks. Specimens with thinner profile elements showed greater 
amounts of smoothing. The and P, values of these surfaces showed much larger 
decreases than the R, values as well as larger increases in the material ratio measures. These 
confirm that only the highest peaks are being removed during processing. The initial rougher 
surfaces facing parallel to the direction of vibrations and run in the ball media showed very 
little evidence of smoothing. 
Effects of run time on the finishing action 
Run time was found to be a very significant factor when the finishing action was 
aggressive enough to substantially deform the surface. Time was a less important factor 
when the action was less intense, e.g. compare the main effects plots for time in experiments 
3 and 4. Once the initial surfaces had been removed and been completely superseded by a 
cratered or abraded surface, run time no longer had an affect. This limitation appeared in 
experiments 2, 5 and 9. The logarithmic relationship between the run time and the percent 
reduction in R^ in experiment 2 clearly illustrates this point. The main effects plot for time 
on Side 4 shows a limit to the smoothing action. Side one, on the other hand, never reached 
the point where the initial machined surface was removed and therefore increased run time 
would result in a smoother surface. The relationship of run time to surface smoothing 
differed greatly, both in magnitude of effect and the general trends, between the different 
experiments. 
It is very difficult to determine exactly, or approximately for that matter, when 
continued processing time will no longer yield a better surface finish. The time to reach 
complete coverage of a surface is determined by the initial roughness, the firequency, 
orientation, and media. Determining the amount of coverage is accomplished in shot peening 
by visual inspection of test strips, something that would be difficult to do with the different 
sxuface orientations in the CP. 
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There are also times when longer run times do not materially effect the degree of 
surface finishing, e.g. when the vibratory frequency is too low to produce the plastic 
deformation of the material needed to peen down the existing surface profile. This can be 
seen in experiment 7 where the run times varied from 5 to 30 minutes with minimal increases 
in surface smoothing. 
It should be noted that the run times used in these experiments were far greater than 
the times normally used in CP deburring operations. Run times of 2 minutes or less are not 
uncommon when deburring even large parts. In order to surface finish a part during the 
deburring operations much longer run times will be required than those needed for just 
deburring and cleaning. This will greatly affect the economic viability of using the process to 
smooth surfaces of production parts. 
Effects of vibratory freauencv on the finishing action 
Higher vibratory frequencies produce a more aggressive finishing action on the 
surfaces subjected to the peening action, with the intensity of the peening clearly increasing 
as frequencies rise. As the accelerations increase, the impact energy of the media increases 
and the surface undergoes a greater amount of plastic deformation. Rougher surfaces, those 
with profiles greater than that which are caused by the impacts of the media, will be reduced 
faster at higher frequencies. Figures 59, 60,61 and 62 show micro-photographs and profile 
tracings of surfaces nm at 87.5 and 94.5Hz. The larger, deeper impact craters are clearly 
evident. However, smoother surfaces may become rougher at higher frequencies as they 
produce deeper craters as is illustrated in Figure 57. 
There was no statistical evidence that increases in vibratory frequency had any effect 
on the smoothing of the surfaces which were facing parallel to the direction of vibrations and 
run in the steel media. It is probable that after very long periods of time, hours, evidence of 
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an effect of frequency on the burnishing, eroding action seen on the parallel facing sides will 
be found. But it was not observed in the experiments with run times of 30 minutes. 
With the abrasive media, frequency had an effect on the rate at which the initial 
machined surface was cut down, an effect on the roughness of the resulting surface fini sh and 
an effect on the rate material removal, i.e. stock losses. Higher frequencies produced a more 
aggressive abrading action. Figure 18 illustrates the difference in the surface finishing action 
between the lowest and highest firequencies. 
By examining the results of experiments 3 and 4 it is obvious that there is a frequency 
level which produces sufficient impact energy to extensively deform the profile elements. 
Only at the highest frequency (2770 Rpm) did the pin media impact the surface with enough 
force to produce pressures that overcame the yield point of the material. In experiment 4, 
which used the 3/32in ball media, this threshold value for vibratory frequency appears to 
have been somewhat lower (approximately 2600 Rpm). This is probably the reason behind 
the relationships between percentage reduction in R, and frequency being so different in 
experiments 3 and 4. Once again, it is very difficult to determine exactly what the threshold 
value for extensive plastic deformation of the surface asperities will be. This is affected by 
the initial surface roughness, orientation and media size. Measuring the intensity of the 
peening needed to smooth different surface profile would be very difficult. Attempts to 
estimate the impact velocities needed to produce the observed surfaces roughness by using 
the equation cited by Waterhouse" (see page 20) were unsuccessful. 
The frequency also influences the flow of the media within the fixture and aroimd the 
parts. Higher frequencies may increase the flow of media through the egress holes and out of 
the top of the fixture, as well as change the pattern of media circulation within the fixture. It 
was observed that higher firequencies produced more uniform surface finish on specimens 
subjected to the peening action. When run at the lowest frequencies, the media sometimes 
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appears to just roll over the surfaces without developing the peening action required to 
substantially smooth the surface. 
Given that higher frequencies produce rougher surfaces once the initial surface has 
been obliterated and that frequencies must be high enough to plastically deform the initial 
surface, it is not always possible to produce a smooth surface if the original surface is too 
rough, e.g. 6.5|im Rg, It is possible to circumvent this limitation by running the CP at 
different frequencies over the course of the run time. Starting at the highest possible 
vibratory frequency to obliterate the existing surface and then slowing down to lower 
frequencies to reduce the force of the media impacts should be able to produce surfaces as 
smooth as .41jim, such as those that were attained in experiment eight when low frequencies 
were used on specimens having low initial surface roughnesses. 
Effects of the interaction between run time and vibratorv frequency 
It is evident that there is an interaction between the run time and the vibratory 
frequency. For example, if the frequency is at a low level and is insufficient to create the 
needed peening action, run time may have little effect. This interaction was observed in the 
statistical analysis of several of the experiments. Another physical basis for the interaction 
effects between time and frequency is that the product of the frequency, (RPM) and time, 
(minutes), is the theoretical number of times that the media should impact the surface. 
Effects of fixture clearance on the finishing action 
There was evidence that the fixture clearance and interactions between clearance and 
other factors had an effect on the surface finishing action, e.g. some of the surfaces produced 
by the abrasive media in experiment2. However, these effects were much smaller than those 
observed for run time and frequency. This was an imexpected result. Based upon the 
screening experiments, trial runs and past empirical evidence, clearance is known to have a 
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great effect on CP, especially with respect to deburring. One possible explanation for the 
observation of minimal effects of clearance is that the range of the fixture clearances selected 
for this particular fixture, workpiece material, media shape, etc., did not include clearance 
sizes that would have affected the finishing action. Clearances of .25in (6.35mm) or lin 
(25.4mm) may have had an effect, but this is only conjecture. Another possibility is that 
there existed a three-way interaction between firequency, media size and clearance. For 
example, larger media run in the fixtures with the smallest clearances at the highest 
firequencies might produce different results from the opposite combination of media, 
clearance and frequencies. However, no evidence to support this theory could be found by 
examining the data. 
Empirical models and repeatability of the finishing action 
As mentioned previously, attempts to produce valid empirical models of the process 
met with mixed results. Although some of the statistical measures such as and s did not 
indicate that the models were invalid, none of the best fit models presented earlier were 
confirmed by experiment. The one attempt to do so was unsuccessful. The only models that 
the author has any confidence in are those presented for experiment four. While the 
empirical models presented are not always valid, the general trends of the main effect plots 
are believed to be approximately correct. 
This inability to develop adequate models may be due to experimental error, such as 
non-uniform initial surface profiles, or measurement error. Also, small changes in operating 
parameters can produce large changes in the CP results. For example, a change of only 70 
RPM produced an increase in surface smoothing from 30% to 77%. Hence, it is possible that 
the process does not lend itself well to be modeled as a continuous function. The threshold 
levels for vibratory frequency discussed earlier point to the possibility that the form of the 
response curves may change when they cross a threshold value. 
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Several experiments, e.g. two and four, showed that the CP can be a very repeatable 
process with the difference in response variables varying by only a few percent among the 
center points of the experiments which were run at identical factor levels. However, 
experiments one, three and seven showed the results of the process to vary substantially over 
the specimens run under the same operating conditions, i.e. at the center points. Although 
this may be due in part to experimental error, it appears that the CP may be difficult to 
control to the degree required to consistently produce desired surface finishes. Three "noise" 
factors which may be responsible for these inconsistencies, media and liquid flow rates, and 
fluctuations in the vibratory firequency are known to vary but are not controlled. Since not ail 
of the other variables were tightly controlled either, there were likely other factors affecting 
the responses of the experiments other than the three factors which were systematically 
varied. 
It should be noted that the extensive experiments undertaken by Gillespie'^ resulted in 
hundreds of different models being built. This large number of equations was needed 
because mass finishing processes are very susceptible to even small changes in any one of the 
many process variables. In order to develop such models for the CP, the parameters which 
govern the process listed on page 5 need to be controlled with far greater precision. 
Effects of media tvpe on the finishing action 
The three types of media investigated produced very different results, as was 
expected. The abrasive media removed material by a grinding like action which not only 
smoothed the surfaces, but removed up to 2 grams of material from the specimens. 
The pins generated surfaces marked with divots produced by the points and angled 
edges of the pins. It appears that the cylindrical portions of the pins, which were assumed to 
provide a burnishing action, did litde to smooth the surfaces with rougher profiles. This was 
due to the fact that the line contact between the cylinders and the profile elements did not 
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allow for high enough specific pressures to plastically deform the asperities. Contrasting the 
smoothing observed in experiments 6 and 7, the ineffectiveness of the pin media at lower 
firequencies vis-a-vis the ball media can be seen. Only when the asperities were small, such 
as the specimens previously run in the abrasives, was there evidence of any substantial 
amount of burnishing. It was also determined that the pin media did produce small, but 
detectable stock losses, .2 to .3 grams, on the specimens with thin asperities. This is evidence 
that the pin media actually shears the peaks of the asperities off during processing. It is this 
type of action, although on a larger scale, that is thought to lie behind the effectiveness of the 
pin media in deburring. 
As expected, the two sizes of ball media produced different surfaces. In the cases 
where the initial machined surfaces were removed, the small balls produced surfaces with 
smaller R, values. For two specimens with low initial roughnesses run at 90.5Hz for 10 
minutes the large balls produced a completely peened surface of .72|im R, while the small 
balls produced a completely peened surface of .56nm. The values were 3.3(im for the 
large balls and 3.0fim for the small. The S„ values for the surfaces were approximately 
335jim and 300|am respectively. This would indicate that the larger balls left slightly wider, 
deeper craters. This result would seem to be in agreement with the equation cited by 
Waterhouse^'' (see page .20) which implied that larger balls would create rougher surfaces. 
This comparison implies that the impact velocities for the two cases were the same. If it is 
assumed that these velocities were the same then there should have been a 75% difference in 
the Rj values since the smaller balls have radii 75% the size of the large balls. The ratio in R, 
values mentioned above is 77%. This, however, is just one observation. Larger balls 
produced smoother surfaces on specimens which were not completely cratered and those that 
had high initial roughness values. This discrepancy is due to the fact that the larger balls 
have more energy upon impact, due to having 2.4 times the mass, and therefore reduce the 
existing surface to a larger extent than the small balls which have lower energy Because of 
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these differing experimental results, it was unable to be to determined if, in general, the 
smaller or larger balls produced better surfaces. It is also possible that there is an interaction 
between the vibratory frequency and the media size which may determine which ball 
diameter will produce the smoother surface. 
The ball media did not produce any detectable stock losses. When used to reprocess 
the specimens previously run in the abrasive media they were effective at burnishing the 
surfaces to a near mirror finish. 
As expected, areas not able to be reached by the media were not affected by the CP. 
The size of these areas was very closely related to the size of the media with the radii of the 
balls detemiining the size of the imaffected areas. The pins also produced this effect 
although the area was smaller than the radius of the cylinder due to the ability of the angled 
tips of the pins to reach into comers. Likewise, the triangular abrasive media left a smaller 
area untouched due to its sharp edges. 
Effects of orientation on the finishing action 
It is quite evident that the action of the media on the part surfaces is very dependent 
on the orientation of the surface with respect to the direction of vibration. Surfaces that face 
perpendicular to the direction of oscillations undergo a peening action while surfaces which 
face parallel to the motion undergo a light erosive action caused by a rubbing or rolling of the 
media over the surface. 
The orientation of the surface with respect to the fixture was also found to be an 
important factor. For horizontally oriented specimens, the upward facing surface was 
subjected to a more gentle finishing action as evidenced by the results of experiment two. 
The downward facing surface, side 3, appeared to be subjected to a slightly more aggressive 
finishing action when run in the abrasive media as evidenced by deeper scratch marks. A 
slight, but statistically significant variation between sides 2 and 4 was also found on the 
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horizontally run blocks. It is possible that the bolt hole in the fixtures were slightly off center 
or, more likely, the base plate upon which the fixtures were secured was not squared up and 
the flow of media around the specimen was asymmetrical. This is a significant finding since 
it highlights the sensitivity of the process to improper fixturing. 
The observation, made during most of the experiments, that the areas where the 
specimen was bolted to the fixture received little or no finishing action is also important. 
Parts may have to be re-oriented and the re-processed in order to assure that these areas 
where the parts abut the fixture wall are subjected to the finishing action. Likewise, parts can 
be mounted in fixtures as to minimize the finishing action in select areas. 
The sides facing towards the firont of the fixtures had evidence of a more aggressive 
finishing action than the sides facing towards the rear of the fixture for the specimens run on 
the model #400 machine. The opposite relationship between aggressiveness and orientation 
was found for the specimens run on the model # 160 machine. Not only were there greater 
reductions in surface roughness for the sides facing the more aggressive action, but these 
same sides had a more uniform finishing action when compared to the surfaces which faced 
the less aggressive action. As mentioned previously, this discrepancy is most probably due 
to the relative difference of the locations of the clam shell valves, which control the flow of 
media into the fixture. Where the media enters the fixture was found to be an important 
factor that affects the action of the media. In the case of the model # 400 machine, the media 
appeared to enter closer to the rear of the fixture, while the media entered closer to the front 
of the fixture on the model #120 machine. This would lead one to believe that the 
effectiveness of the peening action is reduced and the flow of the media within the fixture is 
altered in the area where the media cascades into the fixture. 
Given the statement made above, it is probable that the location where the liquid 
cleaning compound enters the fixture also contributes to the uneven finishing action. The 
compound enters the fixture the two different places on the different machines. In fact, the 
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liquid enters into the model #400 machine in more of a spray, while it enters the model #160 
machine as a stream closer to the front of the fixture. It is entirely possible that there is an 
interaction between media entry location and liquid entry location which combine to produce 
the uneven finishing actions. 
The discovery of this uneven finishing action should prompt a re-design of the 
method for feeding the fixtures with media. It is proposed that a sieve-like device be used as 
a diffuser to spread an even cascade of media into the fixture. Unfortunately, no attempts 
were made to produce such a device and thereby confirm the cause of the observations made 
above. 
Effects of the initial surface finish on the finishing action 
Experiment eight demonstrated that profiles with thinner asperities, those with large 
ratios Rj/Sn, as seen in Figure 58, pre-CP, were peened down faster and more completely than 
those with thicker asperities, small Rg/Sn, values. Experiments three and seven demonstrate 
this phenomenon for the pin media. The initial surface roughnesses were 6.9 and 3.1|im 
respectively on the specimens run at the same factor levels. Post-CP surfaces were only 
reduced 5 to 11% for the initially rougher surface and 28 to 37% for the initially smoother 
surface. Two different mechanisms cause these observations. First, the larger, thicker profile 
elements require greater forces to deform due their increased cross sectional areas, while the 
thin asperities require lower forces. Secondly, the long, steep slopes of the rougher surfaces 
may actually change the peening action as the media will deflect off of the angled surfaces of 
the slopes. Under the microscope, evidence of uneven peening of the slopes and valleys was 
seen. 
It was determined that the extensive working of the surface did not place a limit on 
the amount of surface smoothing that took place, as was predicted in the work by Zaki.^° If 
this limiting effect did exist, surfaces with high initial roughnesses would have become so 
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strained hardened during the deformation of the surface asperities that the media would have 
been unable to surmount the increased yield point of the material and to further deform the 
surface. Block 56 io experiment six had an initial roughness of 2.66^m and a post-CP 
roughness of 1.3^m. Block 27 in experiment five had an initial roughness of 6.l^m and a 
post-CP roughness of 1.24^m and would have undergone a far greater percentage of cold 
working than the block with the smoother initial surface. Both specimens were run at the 
same frequency, the former for 10 minutes, the latter for 25 minutes. There was no evidence 
that the extensive plastic deformation work hardened the surface to a point where it limited 
the degree of surface smoothing. The post-CP roughness seem to be determined by the run 
time in the case of these two specimens. 
Given that smoother surfaces can be produced in shorter amounts of time when the 
initial surface profile consists of closely spaced thin asperities, it may be possible to design 
process plans for parts which would make them amenable to being finished by CP. Feed 
rates, tool radii and speeds could be set at levels which produce surface profiles such as that 
seen in Figure 58, pre-CP. The CP could then be used to smooth the surface while the part is 
being deburred. 
The profiles of the abraded surfaces, which were re-run in the steel media, had no 
high peaks and were subjected to a burnishing action, i.e. The surfaces had asperities which 
were small enough to be easily plastically deformed by the ball media. The degree to which 
the abraded surfaces were negatively skewed with deep scratches determined the best 
surfaces finish attainable. This is just the opposite from the milled surfaces. 
Stock losses caused bv CP 
As previously mentioned, the abrasive media removed material from the specimens. 
These stock losses ranged from .2 to 2.0 grams and were linearly related to the run time and 
exponentially related to the vibratory frequency with a significant interaction between 
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frequency and run time. The linear relationship between runtime and stock losses was 
expected and it matches the findings of Gillespie." It was noticed that the edges and comers 
of the specimens were worn unevenly. This is an important finding because it points to the 
potential that errors in the form of a part may be produced \^en using the abrasive media. 
Most mass finishing processes allow the part to move with the media and areas receiving the 
most action are constantly changing. In CP, the part is fixtured so any exposed areas can 
have too much material removed by the media. This creation of form error is an important 
consideration when designing fixtures and selecting the media grit size. 
The pin media also removed some stock, albeit a much smaller amount, .2 to .3 
grams. These losses lead to the conclusion that very tight tolerance parts may not be suitable 
for CP when using the pin or similar media. 
Changes in micro-hardness caused CP 
After running in the abrasive media micro-hardness measurements were taken on 
seven specimens. The measurements showed an average 292Hv micro-hardness measure, a 
30% increase over the nominal 220Hv for the 1018 Steel. This result was lower than 
expected based upon previous work done by Matsimaga^ who reported a 75 % increase in Hv 
on brass workplaces which were barrel finished for 4 hours. These same specimens were re-
measured for changes in micro-hardness after being re-processed in the steel media. In this 
case, the Hv values decreased. For the peened specimens Hv values decreased 9 to 19% and 
the blocks run horizontally decreased 0 to 7%. This was an unexpected result as it was 
thought that the peening and burnishing actions would substantially work harden the 
material. The reasons for this lack of hardening are imknown but two possible explanations 
are 1: There was strain softening due to localized heating during the peening. Or 2: There 
was a error in measurement due to the relative sizes of the indentor, the initial load and the 
surface roughness of the specimens. 
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Residual compressive stresses imparted bv CP 
The Almen tests that were performed demonstrated that the observed peening action 
was far less intense than that seen in standard shot peening. Accordingly, any residual 
stresses imparted by the CP are expected to be lower. 
An Explanation of the Cascade Process 
Although it was not possible to observe how the media actually behaved in the 
fixture, several observations allow for a rudimentary explanation of how the cascade process 
works. 
Based upon the directional surfaces produced in experiment two, distinctive wear 
patterns in fixtures used in production and run for lOOO's of hours, and the difference in 
peening intensities on the same surfaces exhibited in several of the experiments, it can be 
concluded that unlike standard vibratory finishing, the flow of media follows distinct paths as 
it circulates within the fixture. It is possible that several different eddies of media are formed 
and the media generally follow these currents while they remain in the fixture. The paths 
these currents take are determined by the frequency, fixture design, media type and part 
geometry. The location where the media enters the fixture affects this circulation of the 
media as evidenced by the different peening actions on the backwards and forwards facing 
surfaces seen in several experiments. 
The egress holes are a very important factor in the ability of the CP to keep the media 
circulating. If there were no egress holes, the steel media would become packed together and 
have a limited range of motion which would substantially degrade the deburring and surface 
finishing ability of the process. Since the steel media is smooth it will not normally "climb" 
the walls of the fixture. The weight of the media forces it down to the bottom of the fixture 
where some of the media exits the via the egress holes. This exiting media creates a current 
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and the media which do not make it out the holes bounce off the bottom of the fixture and 
climb the wails of the fixture or the workpiece. When coupled with the vibration of the 
fixture at high firequencies, the media is kept in constant motion, rubbing or peening against 
the workpiece. The media moves up and down as well as back and forth in the direction of 
oscillation. The causes a peening action on surfaces perpendicular to the motion and a 
rubbing action on siirfaces parallel to the motion. 
135 
V SUMMARY AND FUTURE RESEARCH 
Summary 
Introduction 
The experimental results given earlier provide a wealth of information regarding the 
surface finishing effects of the CP. The capabilities of the process to improve rough surfaces 
are evident, but the research also discloses a number of limitations of the process. Both the 
capabilities and the limitations revealed by the investigation are outlined below. 
Capabilities 
By using the right processing parameters in a two stage operation it was shown that 
the CP could achieve near-mirror surfaces as smooth as .2fxm R, with some individual 
measures reading as low as . IS^m. If a finer grade abrasive media had been used these 
surfaces would have been even smoother. 
The process demonstrated the ability to reduce very rough machined surface, 6.9(am 
R,, down to l.Sjam R, in as little 15 minutes when the highest vibratory frequencies are used. 
Completely cratered non-directional surfaces with little or none of the initial machined 
surfaces remaining were produced under the right operating conditions, i.e. long run times 
and high frequencies. These cratered surfaces while not being as smooth as the abraded 
surfaces are known to be beneficial in improving fretting and bending fatigue life. 
Based upon the Almen strip experiments, the surface finishing action was not nearly 
as intense as standard shot peening and it is expected that any residual compressive stresses 
generated would be proportionately lower. However, these stresses were imparted while 
creating a surface finish 50 to 70% smoother than traditional shot peening. A trade-off that 
may be desirable in some cases, e.g. turbine blades. 
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Limitations 
The difficulty in building valid empirical models of the process indicate that the 
process is not always very repeatable. The results of the process can vary due to the fact that 
several important factors governing the process, such as the flow rate of the media and the 
amplitude of the vibrations, are not directly controlled. It appears that small changes in 
process parameters can produce large variations in the degree of surface smoothing, e.g. the 
frequency in experiment three, and only when these parameters are precisely controlled does 
the process produce repeatable outcomes. In short, CP is an immature technology with 
respect to process control. 
Surface smoothing was found to be very dependent on orientation with specimen 
surfaces facing different directions being subjected to two different processes, peening and a 
slight erosion. Even on surfaces facing the same direction with respect to the vibratory 
motion, the surface finishing effects were different. These facts imply that in order to assure 
that a workpiece is uniformly finished on all sides, it may have to be rotated during 
processing or even run in more than one the fixture. 
One of the aims of this research was to determine if CP was capable of finishing dies 
and molds, either completely or to a such an extent that minimal benchwork would be 
needed. Based on this work it has been determined that the process would be able to produce 
the necessary surface roughnesses, .2 to .07|im, but the uneven finishing and sensitivity to 
small changes in operating conditions would create rather large form errors and render the die 
useless. Also, given the trial and error process of fixture design currently being used for the 
CP, fixtures to finish one-of-a-kind dies and molds are not able to be produced with any 
assvirance that the fixture will produce adequate results the first and only time it will be used. 
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Future Research 
Introduction 
As mentioned above the CP is an immature process and further work is needed to 
better understand the fundamentals of the process and allow for a more controllable finishing 
action. The following paragraphs highlight several areas where additional study of the 
process is warranted. 
Determining the effects of media and liquid flow rates 
Currently, the flow rates of the media and liquid cleaning compound are not measured 
and the rate at which they enter the fixture is detemiined by the degree to which the clam 
shell gate is opened and by the amount of liquid pumped through the filtration system. Since 
it is believed that both the media and liquid flow rates play important roles in governing the 
outcome of the finishing action, mechanisms must be designed to monitor and control these 
flow rates. Once this has been accomplished, experiments could be carried out with 
knowledge that the flow rates have been held constant and are not an uncontrolled factor 
which may affect the experimental results. It would also then be possible to carry out 
designed experiments to determine the effects of different media and liquid flow rates. 
In addition to measuring the rates of flow into the fixture, it may also be beneficial to 
accurately measure the rates at which the media exit the fixture via the egress holes and out 
of the top of the fixture. This information would aid in determining the proper placement, 
size and number of egress holes for each fixture. Also, this data may confirm the casual 
observation that large amounts of media never enter into the fixture and add unnecessary 
weight and costs to the process. 
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Determining and modeling the media flow within the fixture 
It is imperative to be able to predict the flow of the media within the fixture if the trial 
and error approach to fixture design is to be eliminated and to assure that all areas of the 
workpiece requiring finishing are affected by the media. The first step in building such a 
model would be to better imderstand how the media circulates in a simple fixture with a 
simple workpiece. Video taping the media action through a clear fixture wall has been 
attempted in the past with limited success due to the frothing of the liquid cleanser and the 
scratching of the observation window by the media. Another option to determine where the 
media travels is to use a coating on the workpiece and the fixture which would indicate if, 
and to what degree, the media impacted the surface. The UV sensitive material used to 
determine the coverage of parts for shot peening is applicable to this situation. 
Once enough information about the basic flow of the media within the fixture has 
been obtained and combined with the data gathered on the flow rates of media and liquid into 
and out of the fixture, it may be possible to create analytical or simulation models to predict 
within a reasonable degree of accuracy the flow of a certain type of media, run in a certain 
fixture on a specific part. This would allow for fixtures to be designed "off-line" and the best 
media to be selected for the required finishing of a particular part. Once this has been done 
for "simple parts" more complex models can then be developed. 
Measurement of mean accelerations, amplitudes of vibrations and contact pressures 
It was noticed that the vibratory frequency was not always constant during the entire 
run time and that the amplitude of the vibrations varied depending on the weight of the 
fixture media and workpiece. In order to better understand the magnitude and nature of the 
forces involved in CP it would be necessary to precisely determine the actual accelerations 
and the amplitude of the vibrations. Devices to monitor these variables could also be used 
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for closed feedback loops which would not only provide accurate collection of data for 
research but would allow for better control of the machine itself. 
The measurement of the actual contact pressures of the media against the workpiece 
would be of great benefit in building a model of the media impact mechanisms. This, 
however, may be a difBcult task considering the large forces generated by the machines and 
the presence of the liquid. 
Surface integrity and mechanical properties of the workpieces 
This research focused on the different surfaces generated by the CP and only touched 
upon the aspects of surface hardening and residual stress generation. If the CP is going to be 
used for any finishing other than deburring, the changes in the workpiece's surface integrity 
and mechanical properties need to be made available to design engineers. A much more in 
depth, and accurate, study of the micro-hardness needs to be completed as this has great 
implications for the wear resistance of the processed parts. The depth and level of the 
imparted residual stresses also needs to be quantified. The metallurgical properties of the 
surface layers may also be of interest. 
Not only do the effects of the CP on the measured properties need to be quantified, 
but the parts must be tested under operating conditions. If CP is to become a possible 
competitor to shot peening, the necessary fatigue and field testing of workpieces will be 
needed to provide enough evidence to prove that the process consistently produces the 
desired mechanical properties. 
Deburring and edge radius generation 
Even though the main use for CP is deburring no scientific data has been collected on 
exactly how well the process works and how different types of burrs are removed. How large 
or small can burrs be before they cannot be removed? How long does it actually take to 
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remove the burrs and is it determined by the of number of times that the media strike the burr 
or just the probability that a single piece of media hits the burr? These questions need to be 
answered. 
These same types of question need to be asked of the generation of edge radii. It was 
observed that higher frequencies produced large radii and in some cases folded metal over the 
edges of the blocks and worked it into a foil. A thorough investigation into edge radii 
generation is warranted. 
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APPENDIX A FIXTURE AND SPECIMEN DRAWINGS 
The fixture drawings presented below show only one of each type of fixture used; 
horizontal and vertical. For the horizontal fixture, the dimensions labeled as .835in were the 
clearance dimensions varied as a factor in the experiments. There were five horizontal 
fixtures, all with different clearances: .415in, .5m, .625in, .75in, .835in. The direction of 
oscillation is clearly shown with an arrow. 
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Figure Al. Horizontal Test Fixture. 
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For the vertical fixture, the dimensions labeled as .75in were the clearance dimensions 
varied as a factor in the experiments. There were five vertical fixtures, all with different 
clearances: .41 Sin, .Sin, .625in, .75in, .835in. The direction of oscillation is clearly shown 
with an arrow. 
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Front View 
Urethane Lining I Inch ^-Mounting Holes .4' x 4 
r T 
Egress 
•Holes i 
Corner /O 
.75 — — Bolt Hole 3/16 .75-1 
^ ^  
D I R E C T I O N  O F  O S C I L L A T I D N S  
Figure A2. Vertical Test Fixture. 
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Figure A4. Vertical Test Specimen. 
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APPENDIX B RESULTS OF SCREENING EXPERIMENTS 
These initial experiments were conducted on various machined castings. 
Table Bl. Die Steel Investment Castings: 
Casting # % Reduction in 
M42-1: S min run time NS 
M42-2; 10 min run time NS 
M42-3: IS min run time NS 
A2 Flat-I: 10 min run time Broke 
A2 Flat -2: 5 min run time NS 
A2 Flat-3: 10 min run time 
Ra 16% 
18% 
Rz 22% 
Rk NS 
Wt NS 
A2 Flat-4: 15 min run time 
Ra 51% 
51% 
Rz 49% 
Rk 51% 
Wt NS 
A2 Oval-1:5 min run time NS 
A2 Ovai-3: 10 min run time NS 
A2 Oval-2: 15 min run time 
Ra NS 
NS 
Rz 18% 
Rk NS 
Wt NS 
A2 Odd: 15 min run time 
Ra 16% 
18% 
Rz 20% 
Rk NS 
NS 
NS indicates No Significant difference observed at 5% LOS. 
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Figure B2. Reduction in Ra for the opposite side turned sxirfaces of ductile iron castings. 
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Figiire B3. Reduction in Ra for a milled surfaces of ductile iron castings. 
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Table B2. Ductile Iron SAE J434 Castings: 
Casting# Turned Surface (% reduction) Opposite Turned Surface Milled Surface 
1: 5 min run time 
27% 56% 36% Ra 
Rk 
Rziso 
Wt 
4: S min run time 
Ra 
Rk 
Rziso 
Wt 
27% 54% 34% 
28% 50% 26% 
36% 62% 39% 
— — 26% 
NS NS NS 
33% 50% NS 
34% 49% NS 
37% 48% NS 
38% 54% NS 
45% ~ NS 
NS NS NS 
2: 10 min run time 
Ra 32% 66% 44% 
Rq 30% 63% 42% 
R^ 28% 56% 38% 
R|j 43% 69% 45% 
Rziso ~ 
Wj NS NS 30% 
5: 10 min run time 
Ra 33% 75% 27% 
Rq 32% 73% 28% 
R^ 30% 70% 32% 
R|j 30% 71% 20% 
Rziso 
Wt NS NS NS 
3: 15 min run time 
p 45% 71% 39% 
^ 43% 68% 40% 
^ 36% 63% 40% 
^ 54% 76% 31% 
NS NS NS 
6: 15 min nm time 
p 45% 63% 26% 
^ 42% 62% 24% 
^ 35% 60% 23% 
57% 66% 29% 
51% 73% 35% 
NS NS NS 
Rk 
D 45% 75% 38% Iv-
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Table B3. GM Grey Iron Castings 
Location Roughness Measure Reductions as a % of Original. (M,- Shows Increase) 
Casting 1 
1 
Ra 
26% 
Rz 
20% 
Rmax 
22% 
Pt 
22% 
Rt 
24% 
Mr 5% 
24% 
Rq 
25% 
2 36% 28% 27% 26% 29% 167% 36% 
3 53% 19% 22% 19% 23% 170% 28% 
4 30% 32% 26% 17% NS 215% 29% 
5 30% 37% 39% 37% 37% 194% 31% 
6 64% 52% 47% 46% 46% 130% 60% 
7 NS* NS NS NS NS NS NS 
8 NS NS NS NS NS 135% NS 
9 NS NS NS NS NS 95% NS 
10 NS NS NS NS NS 164% NS 
Casting 2 
1 
Ra 
35% 
Rz 
35% 
Rmax 
33% 
Pt 
25% 
Rt 
33% 
Mr 5% 
73% 35% 
2 29% 27% NS NS NS 240% 30% 
3 23% 23% 21% NS 19% 247% 25% 
4 32% 28% 36% 41% 38% 195% 33% 
5 NS NS NS NS NS 175% NS 
6 60% 52% 51% 48% 50% 105% 58% 
7 NS NS NS 18% NS 119% NS 
8 27% 28% 28% 22% 31% 151% 27% 
9 34% NS NS NS NS 196% 25% 
10 NS NS NS NS NS 123% NS 
Casting 3 
1 
Ra 
49% 
Rz 
42% 
Rmax 
38% 
Pt 
42% 
Rt 
38% 
Mr 5% 
138% 47% 
2 34% 21% NS NS NS 182% 31% 
3 39% 29% 26% 30% 26% 193% 36% 
4 43% 29% 28% 27% 29% 190% 41% 
5 9% NS NS NS NS 165% 24% 
6 59% 49% 38% 39% 39% 103% 57% 
7 NS 23% 26% 21% 26% 141% NS 
8 NS NS NS NS NS 93% NS 
9 NS 28% NS NS NS 159% NS 
10 46% 36% 30% 33% 34% 283% 42% 
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Figxire B4. Reduction in Ra for GM castings, areas 1 and 6. 
Pre Cascade 
20 40 60 80 100 
% 
Post Cascade 
0 20 40 60 80 100 
•/. 
Figure B5. Material (bearing) ratio curves for GM casting 2: run for twenty minutes. 
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APPENDIX C DATA FOR EXPERIMENT ONE 
Central Composite Design 
Factors: 3 Blocks: 2 Center points in cube: 4 
Runs: 20 Alpha: 1.682 Center points in star: 2 
Design Matrix 
Y Factor A Factor B Factor C 
1 -1 -1 -1 
1 +1 -1 -1 
1 -1 +1 -1 
I +l +1 -I 
1 -1 -1 +1 
1 +1 -1 +l 
1 -1 +1 +I 
1 +1 +1 +1 
1 0 0 0 
1 0 0 0 
1 0 0 0 
I 0 0 0 
2 -1.682 0 0 
2 +1.682 0 0 
2 0 -1.682 0 
2 0 +1.682 0 
2 0 0 -1.682 
2 0 0 +1.682 
2 0 0 0 
2 0 0 0 
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Cascade Experiment Data Collection Sheet 
Experiment Number: 1 Date: 
Factor A: Run Time (Min.) 
Factor B: Vibratory Frequency (RPM) 
Factor C: Clearance Around Part (inches) 
Day ABC Block# Notes G Forces 
1 7.0 2500 0.50 49_ 
1 23.0 2500 0.50 44 
1 7.0 2700 0.50 26 
1 23.0 2700 0.50 60 
1 7.0 2500 0.75 53 
1 23.0 2500 0.75 ^33_ 
1 7.0 2700 0.75 ^21_ 
1 23.0 2700 0.75 6 
1 15.0 2600 0.625 43 
1 15.0 2600 0.625 32 
1 15.0 2600 0.625 50_ 
1 15.0 2600 0.625 31 
2 1.5 2600 0.625 7 
2 28.5 2600 0.625 37 
2 15.0 2430 0.625 39 
2 15.0 2770 0.625 12 
2 15.0 2600 0.415 17 
2 15.0 2600 0.835 13 
2 15.0 2600 0.625 20 
2 15.0 2600 0.625 16 
The above design is both rotatable and orthogonal. 
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Experiment 1: Best Fit Regression models 
Side 1 
The regression equation is 
IRa = 10.4 + 5.4 6 Run Time + 4.29 RPM + 4.62 txRpm - 2.37 txcl 
Predictor 
Constant 
Run Time 
RPM 
txRpm 
txcl 
Coef 
10.3500 
5.465 
4.287 
4.625 
-2.375 
Stdev 
0.8275 
1 .001  
1 . 0 0 1  
1.308 
1.308 
t-ratio 
12.51 
5.46 
4.28 
3.53 
-1.82 
P 
0 . 0 0 0  
0 . 0 0 0  
0 . 0 0 1  
0.003 
0.090 
s = 3.701 R-sq = 81.0% R-sq(adj) = 75.9% 
Analysis of Variance 
SOURCE DF SS 
Regression 4 875.12 
Error 15 205.43 
Total 19 1080.55 
MS 
218.78 
13.70 
F 
15.97 
P 
0 . 0 0 0  
SOURCE 
Run Time 
RPM 
txRpm 
txcl 
DF 
1 
1 
1 
1 
SEQ SS 
407.89 
250.97 
171.13 
45.12 
Unusual Observations 
Obs. Run Time IRa Fit Stdev. Fit Residual St.Resid 
17 0.00 19.000 10.350 0.828 8.650 2.40R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 0.23 
12 rows with no replicates 
P = 0.9704 DF(pure error) = 7 
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Side 2 
The regression equation is 
2ra = 8.10 + 3.40 Run Time +2.67 RPM 
Predictor 
Constant 
Run Time 
RPM 
Coef 
8.1000 
3.4047 
2.6658 
Stdev 
0.8232 
0.9962 
0.9962 
t-ratio 
9.84 
3.42 
2 . 6 8  
P 
0 .000  
0.003 
0.016 
s = 3.682 R-sq = 52.6% 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
DF 
2 
17 
19 
SS 
255.39 
230.41 
485.80 
R-sq(adj) = 47.0% 
MS 
127.69 
13.55 
F 
9.42 
P 
0 . 0 0 2  
SOURCE 
Run Time 
RPM 
DF SEQ SS 
1158.32 
197.06 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 0.60 P = 0.7245 DF(pure error) = 11 
4 rows with no replicates 
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Side 3 
3ra = 7.00 + 3.31 Run Time + 2.69 RPM + 2.06 t2 + 1.59 Clear + 4.62 txRpm 
Predictor Coef Stdev t-ratio P 
Constant 6.9966 0.8253 8.48 0. 000 
Run Time 3.3082 0.7810 4.24 0. 001 
RPM 2.6924 0.7810 3.45 0. 004 
t2 2.0551 0.7533 2.73 0. 016 
Clear 1.5908 0.7810 2.04 0. 061 
txRpm 4.625 1.020 4.53 0. 000 
s = 2.886 R-sq = GO
 
6% R-sq(adj) = 75.0% 
Analysis of Variance 
SOURCE DF SS MS F P 
Regression 5 516. 18 103.24 12 .39 0 .000 
Error 14 116. 62 8.33 
Total 19 632. 80 
SOURCE 
Run Time 
RPM 
t2 
Clear 
txRpm 
DF SEQ SS 
49.48 
99.01 
6 2 . 0 0  
34.57 
171.13 
Unusual Observations 
Obs. Run Time 3ra Fit Stdev.Fit Residual St.Resid 
9 0.00 1.000 6.997 0.825 -5.997 -2.17R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 0.85 
14 rows with no replicates 
P = 0.6073 DF(pure error) = 5 
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Side 4 
The regression equation is 
4ra = 10.3 + 3.42 Run Time + 1.98 RPM + 5.38 txRpm + 2.23 cl2 
Predictor 
Constant 
Run Time 
RPM 
txRpm 
cl2 
s = 3.476 
Coef 
10.2786 
3.4246 
1.9836 
5.375 
2.2279 
R-sq 
Stdev 
0.9941 
0.9407 
0.9407 
1.229 
0.9073 
t-ratio 
10.34 
3.64 
2 .11  
4.37 
2.46 
P 
0 . 0 0 0  
0 . 0 0 2  
0.052 
0 . 0 0 1  
0.027 
= 74.1% R-sq(adj) = 67.2% 
Analysis of Variance 
SOURCE DF SS 
Regression 
Error 
Total 
4517.91 
15181.29 
19 699.20 
MS 
129.48 
12.09 
F 
10.71 
P 
0 . 0 0 0  
SOURCE 
Run Time 
RPM 
txRpm 
cl2 
DF 
1 
1 
1 
1 
SEQ SS 
160 .18  
53.74 
231.13 
72.87 
Unusual Observations 
Obs. Run Time 4ra Fit Stdev. Fit Residual St.Resid 
8 1.00 30.000 23.290 1.992 6.710 2.36R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 1.16 P = 0.3931 DF(pure error) 
4 rows with no replicates 
= 10 
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Ex periment 1 % Change =*081 Ca^a de 
— .. 
Side 1 
Time RPM clearance Block # Ira Irz Irmax Iwt Imr 
7 2500 0.5 49 3% 16% 17% 17% 19% -60% 5% 
23 2500 0.5 44 8% 20% 17% 16% 1% -58% 10% 
7 2700 0.5 26 0% 9% 10% 3% -1% -20% 3% 
23 2700 0.5 60 26% 41% 39% 37% 0% -220% 31% 
7 2500 0.75 53 5% 21% 27% 27% 6% -67% 7% 
23 2500 0.75 33 0% 13% 15% 11% -8% -27% 4% 
7 2700 0.75 21 6% 21% 15% 12% -9% -60% 8% 
23 2700 0.75 6 20% 38% 40% 39% -9% -217% 24% 
15 2600 0.625 43 5% 18% 18% 17% 10% -73% 8% 
15 2600 0.625 32 12% 19% 22% 19% 7% -45% 13% 
15 2600 0.625 50 11% 22% 21% 21% 2% -46% 12% 
15 2600 0.625 31 6% 19% 10% 15% -11% -91% 7% 
1.55 2600 0.625 7 0% 12% 13% 12% -21% -17% 1% 
28.5 2600 0.625 37 21% 39% 37% 35% 22% -220% 27% 
15 2430 0.625 39 6% 19% 20% 16% 1% -42% 8% 
15 2770 0.625 12 20% 32% 24% 24% 10% -164% 22% 
15 2600 0.415 17 19% 37% 35% 29% 1% -140% 24% 
15 2600 0.835 13 13% 31% 32% 32% 0% -140% 17% 
15 2600 0.625 20 7% 15% 15% 15% -19% -30% 7% 
15 2600 0.625 16 15% 33% 27% 25% 2% -200% 19% 
— — 
... 
Ex periment 1 % Change Post Casca de 
-  - - Side 2 - - -— — • 
Time RPM Clearance Block # 2ra 2r2 2rmax 2p^  2wt 2mr 2rq_ 
7 2500 0.5 49 2% 20% 18% 18% -8% -90% 7% 
23 2500 0.5 44 10% 19% 17% 11% -3% -36% 11% 
7 2700 0.5 26 0% 9% 12% 6% 3% -25% 2% 
23 2700 0.5 60 16% 33% 29% 26% -8% -110% 21% 
7 2500 0.75 53 5% 22% 21% 21% 32% -46% 7% 
23 2500 0.75 33 3% 8% 5% 3% -13% -7% 3% 
7 2700 0.75 21 11% 18% 20% 12% 1% -36% 11% 
23 2700 0.75 6 19% 35% 34% 31% 12% -167% 24% 
15 2600 0.625 43 0% J 13% 13% 12% 2% -38% 3% 
15 2600 0.625 32 7% 19% 18% 16% -4% -45% 27% 
15 2600 0.625 50 6% 13% 11% 8% -1% -23% 7% 
15 2600 0.625 31 10% 20% 17% 16% 5% -36% 11% 
1.55 2600 0.625 7 0% 6% 11% 4% -9% -18% 1% 
28.5 2600 0.625 37 12% 29% 27% 26% -7% -110% 16% 
15 2430 0.625 39 7% 10% 6% 5% 16% -25% 8% 
15 2770 0.625 12 12% 24% 23% 23% 2% -70% 15% 
15 2600 0.415 17 14% 28% 24% 20% 1 1% -89% 18% 
15 2600 0.835 13 7% 27% 30% 27% 3% -150% 13% 
15 2600 0.625 20 7% 12% 13% 16% 4% -8% 7% 
15 2600 0.625 16 10% 24% 21% 20% 17o -130% 13% 
Experiment 1 % Change ^ost Cascade 
Side 3 
Time RPM Clearance Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3rq 
7 2500 0.5 49 5% 24% 27% 26% 22% -90% 9% 
23 2500 0.5 44 4% 14% 13% 11% -1% -67% 6% 
7 2700 6.5 26 5% 14% 13% 12% 3% -36% 6% 
23 2700 0.5 60 17% 39% 42% 41% 1% -130% 22% 
7 2500 0.75 53 11% 30% 32% 32% 26% -120% 14% 
23 2500 0.75 33 6% 17% 22% 18% 8% -45% 9% 
7 2700 0.75 21 5% 18% 19% 18% -4% -40% 7% 
23 2700 0.75 6 24% 38% 41% 40% 16% -167% 27% 
15 2600 0.625 43 0% 14% 15% 4% -1870 -64% 1 4% 
15 2600 0.625 '32 3% 8% 11% 10% 22% -18% 3% 
15 2600 0.625 50 8% 19% 15% 17% 9% -38% 10% 
15 2600 0.625 31 7% 18% 18% 16% -22% -50% 8% 
1.55 2600 0.625 7 6% 18% 19% 16% -9% -40% 9% 
28.5 2600 0.625 37 18% 36% 34% 32% 3% -170% 24% 
15 2430 0.625 39 6% 17% 12% 7% 1% -50% 9% 
15 2770 0.625 12 13% 21% 21% 16% 1% -27% 14% 
15 2600 0.415 17 7% 26% 24% 22% -5% -82% 11% 
15 2600 0.835 13 11% 27% 27% 30% 25% -109% 15% 
15 2600 0.625" 20 3% 8% 6% 6% 7% -25% 4% 
15 2600 0.625 16 8% 23% 25% 22% 2% -92% 11% 
Experiment 1 % Change Post Cascade 
Side 4 - -  •  -- -  -  -  -
Time RPM Clearance Blocl< # 4ra 4rz 4rmax 4pt 4wt 4mr 4rq 
7 2500 0.5 49 11% 29% 29% 30% 4% -110% 16% 
23 2500 0.5 44 10% 25% 27% 26% 28% -92% 14% 
7 2700 0.5 26 6% 16% 19% 15% -17% -40% 7% 
23 2700 0.5 60 21% 36% 35% 33% 5% -109% 25% 
7 2500 0.75 53 14% 30% 28% 28% 5% -108% 18% 
23 2500 0.75 33 11% 16% 18% 15% 9% -17% 12% 
7 2700 0.75 21 6% 21% 30% 31% -1% -45% 7% 
23 2700 0.75 6 30% 47% 47% 45% -8% -260% 36% 
15 2600 0.625 43 5% 16% 14% 9% -19% -36% 7% 
15 2600 0.625 32 12% 17% 24% 24% 30% -17% 12% 
15 2600 0.625 50 15% 18% 14% l'2% -3% -29% 15% 
15 2600 0.625 31 7% 18% 13% 6% 2% -67% 9% 
1.55 2600 0.625 7 9% 16% 17% 16% 6% -30% 11% 
28.5 2600 0.625 37 16% 31% 33% 29% 1% -120% 20% 
15 2430 0.625 39 4% 16% 16% 10% 5% -50% 6% 
15 2770 0.625 12 10% 23% 21% 23% 6% -80% 13% 
15 2600 0.415 17 14% 31% 31% 28% b% -100% 19% 
15 2600 0.835 13 16% 33% 32% 29% 2% -130% 20% 
15 2600 0.625 20 8% 15% 13% 15% 8% -44% 9% 
15 2600 0.625 16 11% 29% 27% 27% 0% -160% 15% 
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APPENDIX D DATA FOR EXPERIMENT TWO 
Side 1 Code 1 
Regression Analysis 
The regression equation is 
IRa =79.4 + 8.15 Hz -5.47 Clearenc + 16.6 Run Time - 9.46 t2 
Predictor Coef Stdev t-ratio p 
Constant 79.373 2.098 37.83 0.000 
Hz 8.148 1.985 4.10 0.001 
Clearenc -5.472 1.985 -2.76 0.015 
Run Time 16.564 1.985 8.34 0.000 
t2 -9.456 1.915 -4.94 0.000 
s = 7.338 R-sq = 88 .8% R-sq(adj) = 85.8% 
Analysis of Variance 
SOURCE DF SS 
Regression 4 6375.7 
Error 15 807.6 
Total 19 7183.3 
SOURCE DF SEQ SS 
Hz 1 906.7 
Clearenc 1 408.9 
Run Time 1 37 47.4 
t2 1 1312.7 
MS 
1593.9 
53.8 
F 
29.60 
P 
0 . 0 0 0  
Unusual Observations 
Obs. Hz IRa Fit Stdev.Fit Residual 
St.Resid 
14 0.00 91.70 80.48 5.54 11.22 2.33R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 1.83 P = 0.2621 DF(pure error) = 5 
14 rows with no replicates 
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%1Ra Best Fit Regression 
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Side 2 Code 2 
The regression equation is 
2ra = - 1754 + 22.3 Run Time + 131 Hz - 35.4 Clearenc 
0.903 T*Hz + 1.44 Hz*CL + 28.7 Int 2.43 Hz*Hz 
Predictor 
Constant 
Run Time 
Hz 
Clearenc 
Hz*Hz 
T*Hz 
Hz*CL 
Int 
Coef 
-1754.5 
22.253 
131.18 
-35.44 
-2.4306 
-0.90312 
1.4400 
28.747 
Stdev 
335.9 
2 . 0 8 8  
25.13 
13.33 
0.4788 
0 . 0 8 0 0 8  
0.5125 
1.573 
t-ratio 
-5.22 
1 0 . 6 6  
5.22 
-2.66 
-5.08 
-11.28 
2 . 8 1  
18.27 
P 
0 . 0 0 0  
0 . 0 0 0  
0 . 0 0 0  
0 . 0 2 1  
0 . 0 0 0  
0 . 0 0 0  
0 . 0 1 6  
0 . 0 0 0  
s = 1.812 R-sq = 98.8% 
Analysis of Variance 
R-sq(adj) = 98.0% 
SOURCE 
Regression 
Error 
Total 
SOURCE 
Run Time 
Hz 
Clearenc 
Hz*Hz 
T*Hz 
Hz*CL 
Int 
DF SS 
7 3147.76 
12 39.40 
19 3187.16' 
DF SEQ SS 
1505.13 
0.80 
85.23 
17.08 
417.60 
25.92 
1095.99 
MS 
449.68 
3.28 
F 
136.96 
P 
0 . 0 0 0  
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Unusual Observations 
Obs. Run Time 2ra Fit Stdev.Fit Residual 
St.Resid 
2 23.0 88 .200 91.312 1.335 -3.112 
2.54R 
5 7.0 61 .000 63.721 1.321 -2.721 
2.19R 
15 15.0 80 .600 77.718 1.371 2.882 
2.43R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 3.37 P = 0.1000 DF(pure error) = 5 
14 rows with no replicates 
%2Ra Best Fit Regression 
Ncmal Rot cf Residuals 
3 
2 -
1 -
0 -
-1 -
•2 • 
•3 -
! -i 6 1 
NsmslSaore 
4stogram cf Rssiouals 
•1 1 
lO^atcfRssiduals 
3-
I 2-
1 -0-
[ -1-
• i-
•6 0 t) 20 
CbsendionHjTter 
Pesidualsvs RE 
3 
2 -
1 -
-1-
• 2 -
•3-
I •• 
36 45 S as 75 66 
R 
Side 3 Code 2 
The regression equation is 
3ra = 47.9 + 24.4 Int - 0.291 CL*CL - 0.123 T*Hz + 0.316 T*CL 
Predictor 
Constant 
Int 
CL*CL 
T*Hz 
T*CL 
Coef 
47.886 
24.358 
-0.2910 
-0.12272 
0.3156 
Stdev 
9.177 
3.838 
0.1832 
0.03577 
0.1396 
t-ratio 
5.22 
6.35 
-1.59 
-3.43 
2 . 2 6  
P 
0 . 0 0 0  
0 . 0 0 0  
0.133 
0.004 
0.039 
s = 4.536 R-sq = 84.8% R-sq(adj) = 80.7% 
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Analysis of Variance 
SOURCE DF SS 
Regression 4 1717. 12 
Error 15 308. 63 
Total 19 2025. 75 
SOURCE DF SEQ SS 
Int 1 1346. 77 
CL*CL 1 25. 72 
T*Hz 1 239. 55 
T*CL 1 105. 08 
MS F p 
429.28 20.86 0.000 
20.58 
Unusual Observations 
Obs. Int 3ra Fit Stdev.Fit Residual 
St.Resid 
13 0.44 45.20 45.24 4.29 -0.04 
-0.03 X 
X denotes an obs. whose X value gives it large influence. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 55.41 P = 0.0002 DF{pure error) = 5 
14 rows with no replicates 
%3Ra Best Fit Regression 
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Side 4 Code 2 
The regression equation is 
4ra = 24.2 
Predictor 
Constant 
T*Hz 
Int 
s = 2.925 
0.0590 T*Hz 
Coef 
24.194 
-0.058995 
31.004 
31.0 Int 
Stdev 
3.470 
0.009176 
2.472 
t-ratio p 
6.97 0.000 
-6.43 0.000 
12.54 0.000 
R-sq = 94.7% R-sq(adj) = 94.1% 
Analysis of Variance 
SOURCE DF SS 
Regression 2 2591.0 
Error 17 145.5 
Total 19 2736.4 
MS 
1295.5 
8 . 6  
F 
151.40 
P 
0 . 0 0 0  
SOURCE 
T*Hz 
Int 
DF 
1 
1 
SEQ SS 
1245.4 
1345.6 
Unusual Observations 
Obs. T*Hz 4ra Fit Stdev.Fit Residual 
13 40 35.000 35.324 2.759 -0.324 
X denotes an obs. whose X value gives it large influence. 
St.Resid 
-0.33 X 
No evidence of lack of fit 
Pure error test - F = 0.86 
4 rows with no replicates 
(P > 0.1) 
P = 0.5498 DF(pure error) = 11 
%4Ra Best Fit Regression 
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Stock Losses Code 1 
Regression Analysis 
The regression equation is 
Weight g = 0.588 + 0 .412 Run Time + 0.237 txHz + 0.01 
0.242 eHz 
Predictor Coef Stdev t -ratio p 
Constant 0.58766 0.04203 13. 98 0.000 
Run Time 0.41169 0.03358 12. 26 0.000 
txHz 0.23750 0.04387 5. 41 0.000 
clxHz 0.08750 0.04387 1. 99 0.065 
eHz 0.24176 0.02262 10. 69 0.000 
s = 0.1241 R-sq = 95.2% R -sq(adj ) =93.9% 
Analysis of Variance 
SOURCE DF SS MS F 
Regression 4 4 .5865 1 .1466 74.46 
Error 15 0 .2310 0 .0154 
Total 19 4 .8175 
SOURCE DF SEQ SS 
Run Time 1 2 .3149 
txHz 1 0 .4512 
clxHz 1 0 .0612 
eHz 1 1 .7591 
875 clxHz + 
P 
0 . 0 0 0  
No evidence of lack of fit 
Pure error test - F = 0.88 
12 rows with no replicates 
(P > 0.1) 
P = 0.5721 DF{pure error) = 7 
Stock Losses Best Fit Regression 
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Experimen 2 % Chanc 30 Post CP 
Side 1 
... .. 
- -
— 
Time Hz Clearance Blocl< # Ira Irz 1rmax Ipt Iwt Imr Losses g 
7 87.0 0.5 63 58% 60% 60% 58% 15% -533% 58% 0.70 
23 87.0 0.5 64 76% 69% 63% 54% -7% -460% 73% 0.80 
7 94.0 0.5 22 71% 61% 57% 46% 14% -327% 67% 0.60 
23 94.0 0.5 57 91% 81% 70% 66% 35% -625% 88% 1.80 
7 87.0 0.75 46 35% 42% 40% 37% 11% -144% 35% 0.30 
23 87.0 0.75 4 68% 657o 61% 56% 13% -311% 67% 0.80 
7 94.0 0.75 40 50% 44% 40% 33% 4% -154% 47% 0.70 
23 94.0 0.75 61 87% 77% 62% 54% 7% -700% 84% 2.00 
15 90.5 0.625 47 85% 76% 75% 73% 26% -700% 82% 0.90 
15 '90.5 0.625 28 80% 71% 60% 50% 28% -610% 77% 0.90 
15 90.5 0.625 51 89% 80% 78% 75% 31% -822% 87% 0.90 
15 90.5 0.625 54 74% 63% 55% 48% 17% -450% 69% 1.00 
1.55 90.5 6.825 62 22% 26% 22% 22% 6% -80% 23% 0.20 
28.5 90.5 0.625 1 92% 87% 80% 73% 8% -800% 90% 1.70 
15 84.5 0.625 35 61% 59% 56% 52% 27% -223% 61% 0.50 
15 96.0 0.625 42 90% 80% 70% 58% 10% -554% 88% 1.80 
15 90.5 0.415 36 82% 78% 75% 68% 12% -533% 81% 0.60 
15 90.5 0.835 59 72% 60% 55% 51% 9% -317% 68% 0.80 
15 90.5 0.625 52 86% 76% 73% 71% 45% -600% 83% 0.70 
15 90.5 0.625 58 90% 85% 81% 79% 43% -889% 89% 0.80 
ON 0\ 
Experimen 2 % Chanc je Post CP 
- -
- -  - — 
Side 2 
— 
Time Hz Clearance Block # 2ra 2rz 2rmax 2pt 2wt 2mr 2rq 
7 87.0 0.5 63 62% 53% 49% 45% 12% -300% 59% 
23 87.0 0.5 64 88% 79% 75% 68% 20% -778% 87% 
7 94.0 0.5 22 73% 54% 44% 40% 11% -182% 69% 
23 94.0 0.5 57 73% 55% 46% 49% 28% -256% 69% 
7 87.0 0.75 46 61% 54% 51% 48% -4% -310% 59% 
23 87.0 0.75 4 92% 85% 82% 77% 39% -820% 91% 
7 94.0 0.75 40 82% 71% 66% 57% 28% -409% 79% 
'23 94.0 0.75 61 82% 72% 66% 65% 37% •544% 80% 
15 90.5 0.625 47 86% 76% 72% 70% 21% -527% 84% 
15 90.5 0.625 28 84% 74% 69% 68% 51% -530% 82% 
15 90.5 0.625 51 87% 77% 71% 70% 27% -689% 85% 
15 90.5 0.625 54 84% 72% 69% ~6'4% 37% -247% 82% 
1.55 90.5 0.625 62 37% 37% 33% 27% 2% -90% 37% 
28.5 90.5 0.625 1 88% 78% 72% 70% 49% -656% 86% 
15 84.5 0.625 35 81% 69% 61% 55% 24% -364% 78% 
15 96.0 0.625 42 79% 54% 40% 40% 41% -192% 75% 
15 90.5 0.415 36 82% 65% 56% 54% 37% -330% 79% 
15 90.5 0.835 59 90% 80% 77% 70% 24% -400% 88% 
15 90.5 0.625 52 86% 73% 69% 65% 49% -450% 84% 
15 90.5 0.625 58 85% 74% 68% 66% 43% -678% 83% 
Experimen 2 % Chani je Post CP 
— 
— - -
Side 3 
Time Hz Clearance Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3rq 
7 87.0 0.5 63 75% 64% 61% 58% 28% -522% 72% 
23 87.0 0.5 64 87% 75% 68% 66% 23% -591% 85% 
7 94.0 0.5 22 79% 59% 48% 47% 21% -133% 74% 
23 94.0 0.5 57 71% 51% 40% 40% 21% -109% 67% 
7 87.0 0.75 46 67% 58% 54% 50% -15% -300% 64% 
23 87.0 0.75 4 89% 78% 72% 68% 43% -833% 87% 
7 94.0 0.75 40 78% 59% 49% 46% 15% -250% 74% 
23 94.0 0.75 61 81% 67% 62% 53% 28% -350% 79% 
15 90.5 0.625 47 88% 78% 70% 70% 15% -722% 86% 
15 90.5 0.625 28 87% 77% 73% 63% 46% -610% 85% 
15 90.5 0.625 87% 77% 767o 72% 53% -580% 85% 
15 90.5 0.625 54 87% 75% 64% 59% 39% -573% 85% 
1.55 90.5 0.625 62 45% 45% 44% 40% 6% -156% 45% 
28.5 90.5 0.625 1 88% 78% 73% 68% 43% -700% 87% 
15 84.5 0.625 35 82% 72% 65% 61% 34% -469% 79% 
15 96.0 0.625 42 80% 57% 45% 47% 37% -162% 75% 
15 90.5 0.415 36 76% 65% 63% 56% 3% •244% 75% 
15 90.5 0.835 59 86% 77% 76% 64% 21% -610% 85% 
15 90.5 0.625 52 86% 75% 72% 68% 23% -475% 84% 
15 90.5 0.625 58 86% 77% 74% 70% 15% -678% 83% 
-Experimen 2 % Chan je Post CP 
— — - • -
Side^ 
Time Hz Clearance 4rq 4ra 4rz 4rrTrax 4pt 4wt 4mr 4rq 
7 87.0 0.5 143% 78% 66% 63% 61% -1% -458% 76% 
23 87.0 0.5 175% 88% 78% 75% 70% 40% -591% 86% 
7 94.0 0.5 100% 73% 58% 55% 50% 26% -208% 70% 
23 94.0 0.5 132% 82% 67% 58% 58% 43% -380% 79% 
7 87.0 0.75 118% 70% 65% 61% 56% 12% -311% 67% 
23 87.0 0.75 206% 90% 83% 80% 72% 31% -780% 89% 
7 94.0 0.75 127% 76% 67% 63% 58% 28% -345% 74% 
23 94.0 0.75 136% 84% 69% 64% 59% 29% -383% 81% 
15 90.5 0.625 170% 88% 79% 73% 72% 35% -555% 86% 
15 90.5 0.625 184% 88% 80% 76% 70% 44% -650% 87% 
15 90.5 0.625 177% 88% 79% 71% 68% 18% -609% 86% 
15 90.5 0.625 153% 83% 70% 62% 59% 10% -509% 81% 
1.55 90.5 0.625 54% 35% 36% 35% 32% 5% -100% 36% 
28.5 90.5 0.625 201% 86% 79% 74% 71% 37% -775% 85% 
15 84.5 0.625 147% 85% >4% 69% 60% 16% -431% 83% 
15 96.0 0.625 83% 79% 53% 35% 35% -3% -154% 74% 
15 90.5 0.415 134% 81% 68% 61% 56% 13% -390% 79% 
15 90.5 0.835 131% 84% 70% 62% 58% 35% -347% 82% 
15 90.5 0.625 159% 86% 78% 73% 72% 29% -483% 84% 
15 90.5 0.625 194% 85% 76% 73% 70% 19% -738% 83% 
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APPENDIX E DATA FOR EXPERIMENT THREE 
Side 1 
Regression Analysis 
The regression equation is 
Ira = - 11.9 + 4.06 Time + 17.5 erpm + 6.04 txrpm + 3.42 cl2 - 5.28 Rpiti 
Predictor Coef Stdev t-ratio P 
Constant -11.884 2.747 -4.33 0.001 
Time 4.063 1.130 3.59 0.003 
erpm 17.543 1.712 10.25 0.000 
txrpm 6.037 1.477 4.09 0.001 
cl2 3.419 1.097 3.12 0.008 
Rpm -5.278 2.539 -2.08 0.051 
s = 4.177 R-sq = 96.6% R-sq(adj) = 95.3% 
Analysis of Variance 
SOURCE DF 
Regression 5 
Error 14 
Total 19 
SOURCE DF 
Time 1 
erpm 1 
txrpm 1 
cl2 1 
Rpm 1 
SS 
6847.8 
244 .3 
7092.1 
SEQ SS 
225.5 
6106.3 
291.6 
149.0 
75.4 
MS 
1369.6 
17.4 
F 
78.49 
P 
0 . 0 0 0  
Unusual Observations 
Obs. Time Ira Fit Stdev.Fit Residual 
8 1.00 35.300 44.045 2.394 -8.745 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 1.68 P = 0.2301 DF(pure error) = 10 
4 rows with no replicates 
St.Resid 
-2.55R 
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%1 ra Best Fit Regression 
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Side 3 
Regression Analysis 
The regression equation is 
3ra = - 4.28 +2.05 Time +2.50 Clearenc - 4.47 rpmxc + 2.80 txrpm + 8.31 erpm 
Predictor 
Constant 
Time 
Clearenc 
rpmxc 
txrpm 
erpm 
s = 3.739 
Coef Stdev t-ratio p 
-4.279 1.459 -2.93 0.011 
2.049 1.012 2.03 0.062 
2.503 1.012 2.47 0.027 
-4.469 1.661 -2.69 0.018 
2.800 1.322 2.12 0.051 
8.3124 0.8566 9.70 0.000 
R-sq = 89.9% R-sq(adj) = 86.3% 
Analysis of Variance 
SOURCE DF SS MS 
Regression 5 1746.52 349.30 
Error 14 195.68 13.98 
Total 19 1942.19 
SOURCE DF SEQ SS 
Time 1 57. 37 
Clearenc 1 85. 58 
rpmxc 1 224. 72 
txrpm 1 62. 72 
erpm 1 1316. 13 
F 
24.99 
P 
0 . 0 0 0  
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Unusual Observations 
Obs. Time 3ra Fit Stdev.Fit Residual St.Resid 
5 -1.00 0.000 6.502 2.501 -6.502 -2.34R 
16 0.00 43.300 40.411 3.511 2.889 2.25R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 1.45 P = 0.3574 DF(pure error) = 5 
14 rows with no replicates 
%1 ra Best Fit Regression 
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Experiment 3 % Change ^ost Cascade 
Side 1 
Time RPM Clearance Block # Ira Irz Irmax Iwt Imr Ism 
7 2500 0.5 40 1 5 5 3 -20 14 0 
23 2500 0.5 36 1 5 5 3 -15 29 0 
7 2700 0.5 33 22 30 29 25 -5 129 0 
23 2700 0.5 14 50 46 39 38 -2 125 0 
7 2500 0.75 17 4 13 11 13 -29 33 0 
23 2500 0.75 21 1 12 10 12 6 75 0 
7 2700 0.75 13 18 24 20 20 13 100 0 
23 2700 0.75 38 35 36 35 33 -31 113 0 
15 2600 0.625 39 5 19 18 13 -15 163 0 
15 2600 0.625 34 7 21 21 23 -47 171 0 
15 2600 0.625 2 5 20 21 19 6 113 0 
15 2600 0.625 15 5 19 15 16 -10 113 0 
1.55 2600 6.625 4 1 11 8 9 -1 33 0 
28.5 2600 0.6i25 3 9 20 21 21 5 89 0 
15 2430 0.625 12 1 5 0 0 15 25 0 
15 2770 0.625 9 77 64 55 55 -40 113 39 
15 2600 0.415 '5 19 26 24 23 -117 100 0 
15 2600 0.835 16 17 29 30 27 11 113 0 
15 2600 0.625 30 8 20 20 19 10 138 0 
15 2600 0.625 37 11 25 25 24 2 113 0 
Experiment 3 % Change Post Cascade 
- -
Side 2 
• — - • 
Time RPM Clearance Block # 2ra 2rz 2rmax . _2pt 2wt 2mr 2sm 
7 2500 0.5 40 0 7 6 5 -20 14 0 
23 2500 0.5 36 2 6 7 6 2 13 0 
7 2700 0.5 33 0 6 8 6 3 29 0 
23 2700 0.5 14 4 15 15 15 -9 50 0 
7 2500 0.75 17 2 5 6 6 9 0 0 
23 2500 0.75 21 4 6 5 2 -13 25 0 
7 2700 0.75 13 2 8 8 8 9 29 0 
23 2700 0.75 38 4 15 15 15 -21 71 0 
15 2600 0.625 39 2 10 10 6 4 43 0 
15 2600 0.625 34 0 9 10 8 -15 38 0 
15 2600 0.625 2 0 9 8 7 5 38 0 
15 2600 0.625 15 3 9 8 4 -18 44 0 
1.55 2600 0.625 4 0 4 3 4 -11 14 0 
28.5 2600 0.625 3 3 12 9 5 -13 63 0 
15 2430 0.625 12 0 6 8 9 39 13 0 
15 2770 0.625 9 3 12 12 11 -30 33 0 
15 2600 0.415 5 1 8 7 7 -11 13 0 
15 2600 0.835 16 0 12 13 10 7 38 0 
15 2600 0.625 30 1 11 11 13 -21 38 0 
15 2600 0.625 37 0 6 6 5 -20 29 0 
Experiment 3 % Chanc[e Post Cascade 
Side 3 
Time RPM Clearance Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3sm 
7 2500 0.5 40 2 3 3 1 -36 0 0 
23 2500 0.5 36 0 1 0 0 -8 0 0 
7 2700 0.5 33 2 18 18 17 22 114 0 
23 2700 0.5 14 12 25 26 25 12 138 0 
7 2500 0.75 17 0 6 7 4 -11 0 0 
23 2500 0.75 21 1 19 19 16 -5 63 0 
7 2700 0.75 13 9 21 22 20 6 78 0 
23 2700 0.75 38 22 28 24 25 7 113 0 
15 2600 0.625 39 4 16 15 16 12 129 0 
15 2600 0.625 34 5 17 16 15 4 150 0 
15 2600 0.625 2 1 18 18 15 3 125 0 
15 2600 0.625 15 10 20 17 15 -11 125 0 
1.55 2600 0.625 4 5 16 14 12 -2 63 0 
28.5 2600 0.625 3 9 19 17 13 
CO CM
l 
1 100 0 
15 2430 0.625 12 0 5 5 3 -3 25 0 
15 2770 0.625 9" 43 37 29 29 -56 88 0 
15 2600 0.415 5 0 16 16 13 4 75 0 
15 2600 0.835 16 10 21 21 21 -17 171 0 
15 2600 0.625 30 8 21 20 20 -19 150 0 
15 2600 0.625 37 2 18 18 17 -2 125 0 
Experiment 3 % Change =*ost Cascade 
Side 4 
-
Time RPM Clearance Block # 4ra 4rz 4rmax 4pt 4wt 4mr 4sm 
7 2500 0.5 40 0 0 0 0 -20 0 0 
23 2500 0.5 36 4 7 7 7 -11 0 0 
7 2700 0.5 33 0 6 0 0 0 14 0 
23 2700 0.5 14 1 12 10 10 -25 57 0 
7 2500 0.75 17 0 0 8 6 34 0 0 
23 2500 0.75 21 5 6 0 0 0 0 0 
7 2700 0.75 13 0 6 0 0 0 13 0 
23 2700 0.75 38 1 11 11 8 -23 25 0 
15 2600" 0.625 39 5 10 6 6 -24 0 0 
15 2600 0.625 34 2 11 9 8 10 25 0 
15 2600 0.625 2 0 10 10 9 11 25 0 
15 2600 0.625 fs 2 13 12 13 1 ro
 
50 0 
i55 2600 0.625 4 0 5 6 6 
00 CO 1 1 13 0 
28.5 2600 0.625 3 4 12 12 10 -11 100 0 
15 2430 0.625 12 ' 0 0 0 0 16 11 0 
15 2770 0.625 9 1 10 10 10 -19 57 0 
15 2600 0.415 5 8 io 5 0 -62 38 0 
15 2600 0.835 16 0 9 6 6 0 33 0 
15 2600 0.625 30 2 14 13 14 6 63 0 
15 2600 0.625 37 1 10 8 9 0 57 0 
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APPENDIX F DATA FOR EXPERIMENT FOUR 
Central Composite Design 
Factors: 2 Blocks: 1 Center points in cube: 0 
Runs: 13 Alpha: 1.42 Center points in star: 5 
Design Matrix 
Factor A Factor B 
-1 -1 
+1 -1 
-1 +1 
+1 +1 
-1.42 0 
+1.42 0 
0 -1.42 
0 +1.42 
0 0 
0 0 
0 0 
0 0 
0 0 
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Cascade Experiment Data Collection Sheet 
Experiment Number; 4 Date: 
Factor A: Run Time (Min.) 
Factor B: Hz of Control Unit 
Constant Clearance of .50in 
3/32in Steel Ball Media 
A B Block # Notes 
7.0 87.5 49 
23.0 87.5 44 
7.0 94.5 26 
23.0 94.5 ^60 
3.7 91.0 53 
26.3 91.0 33 
15.0 86.0 21 
15.0 96.0 6 
15.0 91.0 43 
15.0 91.0 32 
15.0 91.0 50 
15.0 91.0 31_ 
15.0 91.0 7 
The above design is both rotatable and orthogonal. 
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Side 1 Code 1 
Regression Analysis 
The regression equation is 
Ira = 31.4 + 11 .1 TIME +9.2 HZ -2 .59 t2 + 2.19 hz2 + 5. 
Predictor Coef Stdev t-ratio 
Constant 31.401 1 .067 29.43 
TIME 11.1218 0. 8448 13.17 
HZ 19.1996 0. 8448 22.73 
t2 -2.5908 0. 9085 -2.85 
hz2 2,1877 0. 9085 2.41 
txhz 5.750 1 .193 4.82 
s = 2.386 R-sq = 99.0% R-sq{adj) = 98.4% 
Analysis of Variance 
SOURCE DF SS MS F 
Regression 5 4149.84 829.97 145.80 0 
Error 7 39.85 5.69 
Total 12 4189.69 
SOURCE DF SEQ SS 
TIME 1 986.62 
HZ 1 2940.23 
t2 1 57.74 
hz2 1 33.01 
txhz 1 132.25 
Unusual Observations 
Obs. TIME Ira Fit Stdev. Fit Residual 
P 
0 . 0 0 0  
0 . 0 0 0  
0 . 0 0 0  
0.025 
0.047 
0 . 0 0 0  
10 0.00 36.000 31.401 1.067 
R denotes an obs. with a large st. resid. 
4.599 
St.Resid 
2.16R 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 0.02 P = 0.9949 
8 rows with no replicates 
DF(pure error) = 4 
%1 ra Best Fit Regression 
Normd Rot c# Residuals 
5 -r 
4 -
3 -
2 -
1 -
0 -
•1 -
-2 -
-3 -
•4 -  .  
•••• 
•••• 
!  ^ 5 1 
NsnrdSan 
Hstogram of Residuals 
-2 0 2 4 
IChartcfRssiduals 
5 € 
CbsendianNjntar 
Residuals vs. Rts 
~r 
f) 20 30 4 SO 60 70 
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Side 3 Code 1 
3ra = 42.4 + 14.1 TIME + 19.0 HZ + 3.75 txhz -3.03 t2 
Predictor 
Constant 
TIME 
HZ 
txhz 
t2 
Coef 
42.395 
14.098 
18.978 
3.750 
-3.025 
Stdev 
1.060 
1.038 
1.038 
1.466 
1.108 
t-ratio 
40.00 
13.58 
18.28 
2.56 
-2.73 
P 
0 . 0 0 0  
0 . 0 0 0  
0 .000  
0.034 
0 . 0 2 6  
= 2.933 R-sq = 98.5% 
Analysis of Variance 
SOURCE DF SS 
Regression 4 4578.4 
Error 8 68.8 
Total 12 4647.2 
R-sq(adj) = 97.8% 
MS 
1144.6 
8 . 6  
F 
133.07 
P 
0 . 0 0 0  
SOURCE 
TIMEl 
HZ 1 
txhzl 
t2 1 
DF 
1585.3 
2872.7 
56.3 
64.2 
SEQ SS 
Unusual Observations 
Obs, TIME 3ra Fit Stdev.Fit 
8 0.00 74.000 69.153 1.808 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 23.58 P = 0.0048 
8 rows with no replicates 
Residual 
4.847 
St.Resid 
2.10R 
DF(pure error) = 4 
%3na Best Fit Regression 
Ncmal RotofResidals I Oiart of Residuals 
T 5 ? T 
NanrelSaae 
Hstogram of Residuals 
7-
S t) 
Gbsenefion Nfite 
Residuals vs. Rts 
•2 0 2 
(Radial 
X 4> 50 6D 70 ao 
Experimen 4 % Change Post Cascade 
Side 1 
Time HZ Block # Ira Irz Irmax Ipt Iwt Imr Ism 
7 87.5 28 6 17 16 16 -10 -100 0 
23 87.5 29 17 23 23 24 21 -78 0 
7 94.5 24 33 33 32 32 -34 -63 0 
23 94.5 11 67 61 57 54 CO
 
iO
o; i 
-75 0 
3.7 91 10 11 18 15 14 -40 -27 0 
26.3 91 7 42 46 44 41 0 -113 0 
15 86 4 9 19 21 19 30 
I 
f 0 
15 96 1 63 55 52 50 -49 •75 0 
15 91 22 33 32 27 29 0 -18 0 
15 91 18 36 36 34 30 -36 -88 0 
15 91 32 30 33 32 29 -17 -75 0 
15 91 8 30 36 37 33 -34 -67 0 
15 91 31 28 35 32 33 1 -88 
Side 3 
Time HZ Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3sm 
7 87.5 28 13 22 20 17 -48 -88 0 
23 87.5 29 30 38 36 36 
1 io
o 1 
-129 0 
7 94.5 24 41 34 23 23 -110 -50 0 
23 94.5 11 73 63 57 54 -255 -63 0 
3.7 91 10 14 18 16 13 -67 -63 0 
26.3 91 7 59 60 58 55 -14 -100 0 
15 86 4 17 24 23 21 -6 -75 0 
15 96 1 74 66 60 58 -143 -88 * 
15 91 22 40 41 36 36 -16 -63 0 
15 91 18 42 43 40 39 -41 -88 0 
15 91 32 42 37 30 31 -49 -20 0 
15 91 8 41 40 38 37 -8 -40 0 
15 91 31 41 38 41 39 -24 -18 0 
* Indicates that this measure showed a decrease. (See write up) 
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APPENDIX G DATA FOR EXPERIMENTS FIVE, SIX, SEVEN 
Experiment Number 5 Date: 
Factor A: Run Time (Min.) 
Factor B: Hz of Control Unit 
Constant Clearance of .50in 
l/8in Steel Ball Media 
A B Block # Notes 
3.0 91.0 4l_ 
5.0 91.0 53_ 
10.0 91.0 52_ 
15.0 91.0 ^45_ 
20.0 91.0 47_ 
15.0 87.0 51_ 
15.0 94.5 56_ 
15.0 96.0 49 
Experiment Number: 6 Date: 
Factor A: Run Time (Min.) 
Factor B: Hz of Control Unit 
Constant Clearance of .50in 
l/8in Steel Ball Media 
A B Block # Notes 
3.0 94.5 6_ 
5.0 94.5 26_ 
10.0 94.5 ^23_ 
15.0 94.5 ^25_ 
20.0 94.5 19_ 
25.0 94.5 27_ 
15.0 91.0 ^20_ 
15.0 96.0 21 
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Experiment Number: 7 Date: 
Factor A: Run Time (Min.) 
Factor B: Vibratory Frequency (RPM) 
Constant Clearance of .625in 
l/8in X 3/32in Steel Pin Media 
A B Block # Notes 
5.0 2600 46 
10.0 2600 44 
15.0 2600 43 
20.0 2600 54 
25.0 2600 55 
30.0 2600 ^48_ 
15.0 2600 42 
15.0 2600 50 
Experiment 5 % Chant ]e Post Cascade 
Side 1 
TIME HZ Block # Ira Irz 1 rmax JPL. iwl Imr Ism 
3 94.5 6 30 33 30 27 -128 -22 0 
5 94.5 26 38 33 28 23 -101 -71 0 
10 94.5 23 61 55 48 44 -141 -100 0 
15 94.5 25 66 59 54 50 -170 •63 9 
20 94.5 19 77 67 64 59 -74 -125 29 
25 94.5 27 81 70 62 57 -206 -157 35 
15 91 20 53 56 53 51 -24 -78 0 
15 94.5 25 68 59 54 50 -170 -63 13 
15 96 21 74 61 57 51 -92 0 23 
- -
• - - -
— - -
Side 3 — 
—— 
TIME HZ Block# 3ra 3rz 3rmax 3pt 3wt 3mr 3sm 
3 94.5 6 40 40 38 32 -141 -38 0 
5 94.5 26 50 46 40 36 -226 -50 0 
10 94.5 23 70 57 47 44 -275 -86 13 
15 94.5 25 74 58 49 42 -335 -50 21 
20 94.5 19 80 68 67 61 -129 -67 43 
25 94.5 27 80 70 64 60 -224 -75 42 
15 91 20 69 64 60 58 -138 -78 7 
15 94.5 25 74 58 49 42 -335 -50 21 
15 96 21 76 61 57 52 -251 21 13 
Experiment 6 % Chan< ]e Post Cascade 
- - -
— 
Side 1 
- — 
— 
TIME HZ Block # Ira Irz Irmax Ipt Iwt Imr Ism 
3.0 91.0 41 34 44 41 40 -24 -73 -137 
5.0 91.0 53 31 44 36 31 -140 -38 -101 
10.0 91.0 52 51 59 56 55 -94 -64 -144 
15.0 91.0 45 50 57 56 52 -72 -38 -14 
20.0 91.0 47 62 65 60 57 -90 -100 -69 
15.0 87.0 51 48 61 60 59 13 -173 -146 
15.0 91.0 45 50 57 56 52 -72 -38 -14 
15.0 94.5 56 54 55 47 45 •148 -42 -37 
15.0 96.0 49 40 40 23 19 -236 -30 -31 
Side 3 
TIME HZ Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3sm 
3.0 91.0 41 37 50 41 37 -30 -70 -175 
5.0 91.0 53 50 56 49 49 -81 -4^ -152 
10.0 91.0 52 50 53 43 42 -60 -45 -97 
15.0 91.0 45 63 65 63 59 -17 -67 -64 
20.0 91.0 47 63 60 47 44 -115 -36 -67 
15.0 87.0 51 52 61 56 55 -24 -122 -180 
15.0 91.0 45 63 65 63 59 -17 -67 -64 
15.0 94.5 56 51 52 49 42 -186 -50 -64 
15.0 96.0 49 31 35 27 18 -309 8 -68 
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Experiment 7 
Side 1 
The regression equation is 
Ira = 29.9 + 0.0136 t2 
Predictor Coef Stdev t-ratio p 
Constant 29.869 2.401 12.44 0.000 
t2 0.013594 0.005502 2.47 0.048 
s = 4.244 R-sq = 50.4% R-sq{adj) = 42.2% 
Analysis of Variance 
SOURCE DF SS MS F p 
Regression 1 109.94 109.94 6.10 0.048 
Error 6 108.06 18.01 
Total 7 218.00 
No evidence of lack of fit (P 
Pure error test - F = 0.71 P 
S rows with no replicates 
>  0 . 1 )  
= 0.6559 DF{pure error) = 2 
%1 Ra Best Fit Regression 
Nofmal Rot of Residuals 
NxrrelSczn 
Hstogram Of ResiAials 
3-
t '2-
: 
0-
0 
%sidid 
lOiartcfResiclijals 
fi-
•5 -
- 6 -
1 2 3 4 5 6 7 8 
OwvelionNfrta' 
Residuals \s Rts 
5-
30 
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Side 3 
The regression equation is 
3ra = 20.6 + 0.0171 tZ 
Predictor 
Constant 
t2 
Coef 
20.562 
0.017066 
Stdev 
2.124 
0.004868 
t-ratio 
9.68 
3.51 
P 
0 . 0 0 0  
0.013 
s = 3.755 R-sq = 67.2% 
Analysis of Variance 
R-sq{adj) = 61.7% 
SOURCE 
Regression 
Error 
Total 
DF 
1 
6 
7 
SS 
173.28 
84.60 
257.88 
MS 
173.28 
14.10 
F 
12.29 
P 
0.013 
Unusual Observations 
Obs. t2 3ra Fit Stdev,Fit Residual St.Resid 
7 625 24.00 31.23 1.92 -7.23 -2.24R 
R denotes an obs. with a large st. resid. 
No evidence of lack of fit (P > 0.1) 
Pure error test - F = 2.84 P = 0.2770 DF(pure error) = 2 
5 rows with no replicates 
%3Ra Best Fit Ftegression 
^Jormal Act or Residuals 
s H 
0 -
-6 -
• • 
• • 
.tS -05 05 tS 
MnrdSGore 
Hstogram of Residuals 
5-
4-
j 3 -f z -
'  1 -
0 -
Udid 
I Chart of Residuals 
D 
0-
-€  
T I I I 1 I I r 
1 2 3 4 5 6 7 8 
CbsendionNiTter 
Residuals vs. Rts 
• • 
25 S 
R 
Experimen 7 % Change Post Cascade 
Sid e 1 
TIME HZ Block # Ira 1rz 1rmax 
. IPt Iwt Imr Ism 
5 2600 46 32% 30% 29% 26% 17% -140% -136% 
10 2600 44 31% 33% 27% 26% -16% -145% -147% 
15 2600 43 30% 30% 21% 22% 19% -117% -179% 
15 2600 42 28% 29% 27% 26% 10% -150% -95% 
15 2600 50 37% 35% 33% 31% -6% -190% -158% 
20 2600 54 34% 36% 29% 26% -1% -160% -122% 
25 2600 55 45% 46% 42% 41% -11% -145% -176% 
30 2600 48 39% 46% 45% 43% 4% •115% 78% _ 
Side 3 
TIME HZ Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3sm 
5 2600 46 21% 20% 18% 18% 0% -120% -118% 
10 2600 44 22% 26% 25% 25% -2% -138% -119% 
15 2600 43 25% 23% 14% 9% -19% -218% -178% 
15 2600 42 23% 31% 30% 28% -17% -133% -82% 
15 2600 50 28% 32% 29% 28% -13% -170% -45% 
20 2600 54 28% 30% 30% 29% 5% -227% -184% 
25 2600 55 24% 31% 30% 27% -17% -192% -120% 
30 2600 48 40% 41% 31% 34% 0% -150% -193% 
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APPENDIX H DATA FOR EXPERIMENTS EIGHT, NINE 
Cascade Experiment Data Collection Sheet 
Experiment Number: 8 Date: 
Factor A: Run Time (Min.) 
Factor B: Vibratory Frequency, (RPM's and Hz of Control Unit) 
Constant Clearance of .50in 
1/8 x3/32in Steel Pin Media 
A B Block# Notes 
5.0 2700 49 
15.0 2700 16_ 
20.0 2700 53 
l/8in Steel Ball Media 
A B Block# Notes 
10.0 87.0 24_ 
10.0 91.0 ^38_ 
10.0 94.5 15 
Experimen % Chanc je Post Cascade 
Side 1 
TIME RPM/Hz Media Block # Ira 1rz Irmax Ipt Iwt Imr Ism 
5.0 2700.0 pins L-49 64 41 41 33 -19 -111 -61 
15.0 2700.0 pins L-16 76 61 54 51 -49 -136 -220 
20.0 2700.0 pins L-53 51 17 -3 -1 -22 10 -276 
10 87.0 1/8in balls L-38 81 77 74 69 52 -233 N/A 
10 91.0 1/8in balls L-15 85 82 81 71 10 -300 N/A 
10 94.5 1/8in balls L-24 63 67 62 44 -234 -160 N/A 
Side 3 
TIME RPM/Hz Media Block # 3ra 3rz Srmax 3pt 3wt 3mr 3sm 
5.0 2700.0 pins L-49 68 46 38 27 -7 -94 -159 
15.0 2700.0 pins L-16 68 48 44 40 -45 -47 -150 
20.0 2700.0 jjins L-53 69 38 24 26 -24 -55 -148 
10 87.0 1/6in balls L-36 83 79 75 66 22 -285 N/A 
10 91.0 l78in balls L-15 81 79 75 66 5 -182 N/A 
10 94.5 1/8in balls L-24 ^ 49 58 52 34 -189 -82 N/A 
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Cascade Experiment Data Collection Sheet 
Experiment Number 9 Date: 
Factor A: Run Time (Min.) 
Factor B: Hz of Control Unit 
Constant Clearance of .625in 
3/32in Steel Ball Media 
A B Block# Notes 
3.0 90.5 52_ 
5.0 90.5 47_ 
10.0 90.5 ^51_ 
15.0 90.5 54_ 
20.0 90.5 2S_ 
25.0 90.5 58_ 
15.0 90.5 1_ _* 
15.0 94.0 4 * 
* These two blocks were run horizontally 
Experiment 9 Post CP % Reductions 
Side 1 
Actual 
TIME HZ Block # Ira Irz Irmax Iwt 1mr Ism 
3 90.5 52 -24 23 20 9 -60 43 317.9 
5 90.5 47 -26 13 3 -16 -69 56 314.9 
10 90.5 51 -32 12 -3 0 -58 45 298.1 
15 90.5 54 32 49 54 32 -8 16 304.6 
20 90.5 28 7 32 47 39 -16 37 287.6 
25 90.5 58 -44 -4 9 -5 -34 39 277.1 300.0333 
15 94 4 28 23 25 18 21 -16 363.6 
15 90.5 1 30 32 40 24 19 -10 2M.3 
Side 2 
• • 
TIME HZ Block # 2ra 2rz 2rmax 2pt 2wt 2mr 2sm 
3 90.51 52 25 36 36 39 8 -27 106.6 
5 90.5 47 36 37 28 31 21 -32 132.1 
10 90.5 51 36 36 36 26 -13 -31 157.9 
15 90.5 54 40 38 23 11 -10 -54 206.6 
20 90.5 28 43 35 30 22 -49 188.6 
25 90.5 58 39 34 -1 5 16 -36 166.8 159.7667 
15 94 4 24 25 20 8 -13 -5 237.9 
15 90.5 1 23 26 24 25 34 -26 194.7 
Experiment 9 Post CP 7o Reductions 
Side 3 
TIME HZ Block # 3ra 3rz 3rmax 3pt 3wt 3mr 3sm avg am 
3 90.5 52 -21 30 36 27 -8 36 309.7 
5 90.5 47 -42 16 32 9 -61 47 290.1 
10 90.5 51 -29 12 12 4 -85 46 318.9 
15 90.5 54 -44 13 35 22 12 50 286.9 
20 90.5 28 -16 31 37 34 -2 30 284.3 
25 90.5 58 -24 19 20 12 -28 46 301 298.4833 
15 94 4 -22 19 15 21 -1 19 281.5 
15 90.5 1 26 32 34 29 -4 -21 144.2 
• -
- -  "  - -  -  -
S|de4 
TIME HZ Block # 4ra 4rz 4rmax 4pt 4wt 4mr 4sm avg sm 
3 90.5 52 15 14 15 8 2 -20 164.4 
5 90.5 47 20 16 5 -3 -14 -21 130.6 
10 90.5 51 31 28 29 28 2 -21 147.3 
15 90.5 54 21 30 22 21 33 -24 205 
20 90.5 28 15 20 19 17 20 -13 248.3 
25 90.5 58 39 29 1? 16 16 
0) 1 212.3 184.65 
15 94 4 15 22 18 7 -13 -6 251.7 
15 90.5 1 38 33 32 23 1 i 1
 CO
 
CO
 
250.9 
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